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Abstract 
Gas-liquid flows are very common in industrial applications and many times involve three 
phases. Experiments are important as basis for development of 1D flow models used for design 
of multiphase transport systems. The experiments are either used as direct closure relation or for 
model validation. Currently, there is a lack of three-phase flow data on droplet entrainment. This 
thesis is focused on two main topics: establish relevant experimental data of the droplet flux 
profiles, pressure gradient and flow characteristics of three-phase stratified and annular flows 
and to develop instrumentation suitable for three phase flow measurements.  
Experiments in three phase flows at high gas densities were conducted to obtain the magnitude 
and distribution of the droplet field flux and the effect of the water as a second liquid phase. This 
was studied by sampling the droplets using an isokinetic sampling probe. An automated probe 
system was designed and implemented successfully to reach this goal. The probe system is 
capable to conduct simultaneous measurements of the local droplet flux and gas velocity. Oil and 
water distribution inside the liquid layer in stratified-annular horizontal flow was studied using a 
two-energy traversing gamma densitometer and visual observations, using high speed video 
recordings of the flow. The experiments were performed at the Medium scale loop at SINTEF 
Multiphase Flow Laboratory using a high density gas at medium pressure conditions, oil and 
water.  
Based on the experimental results, an assessment of the effect of droplet flux distribution over 
the pipe cross section on the entrainment fraction calculation is discussed. Additionally, the 
current state of predicting models for liquid droplet concentration profiles is reviewed and new 
empirical correlations for the droplet concentration at the interface and the concentration decay 
are proposed. 
The effect on the pressure gradient changes due to liquid film at the wall, caused by droplet 
wetting, was studied on a second experimental setup. The setup was built at the NTNU 
Multiphase Flow Laboratory and consists of a vertical pipe to promote film symmetry. Two-
phase flow experiments using water and air and a viscous oil and air at atmospheric pressure 
were carried out. The results were compared with predictions of commercial flow simulators. 
In addition a new two-energy gamma densitometer is designed and built to obtain cross-sectional 
measurements of the phase fractions, capture transient flow conditions and for three-phase flow 
measurements (oil, water and gas) in acrylic pipes. This instrument will be further tested and 
applied in the future. 
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1 Chapter 1 
Introduction 
 
 
 
 
Gas-liquid flows are very common in the oil industry, especially in the gas transportation 
flowlines and in gas wells. The liquid phase frequently consists of liquid hydrocarbons and water 
thus constituting a three-phase flow problem. The water can come from a neighboring aquifer or 
from injection to enhance the oil recovery of an existent reservoir. Depending on the fluid 
properties, geometrical configurations, system and flow conditions the gas and liquid are 
distributed within the pipe in different configurations namely flow patterns. The main difference 
between horizontal and vertical flow is the effect of the gravitational forces. In horizontal flows 
the heavier phase tends to settle on the pipe bottom. This generates different types of flow 
arrangements within the pipe. The most common classification for the horizontal and vertical 
flow patterns in gas-liquid two-phase flows are presented in Figure 1.1 and Figure 1.2 
respectively. The flow patterns classification is mainly done by visual inspection of the flow in 
the pipeline and they are mapped into a flow regime maps.  
 
  
Figure 1.1: Flow pattern for horizontal gas-liquid flows 
 
Stratified Wavy Flow
Stratified Flow
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Annular Flow
Bubbly Flow
Slug Flow
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Figure 1.2: Flow pattern for vertical gas-liquid flows 
 
In a simplified way, gas-oil-water three-phase flows can be considered as a case of gas-liquid 
flows where the liquid phase is described as a non-uniform oil-water mixture (Pan, 1996). This 
non-uniform liquid distribution, from separated to mixed liquids, is what makes three-phase 
flows more complicated to study in comparison with two-phase flows. The oil and water can 
form dispersions which tend to increase the pressure drop increment or flow separation, which 
tends to give liquid accumulation. There are several flow pattern classifications for three-phase 
gas-liquid-liquid flows. For horizontal flow, Pan (1996) made a summary of all the proposed 
classifications as it is shown in Figure 1.3. In this thesis the flow patterns of interest are stratified 
and annular. Khor (1998) proposed a detailed classification for the flow distribution in stratified 
and annular three phase flows and it is the one adopted in this study. 
 
 
Figure 1.3: Flow pattern classification for three-phase, gas-liquid-liquid flows. (Pan, 1996) 
 
Slug Flow Churn Flow Bubbly Flow Annular Flow
Flow patterns
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The main focus of this thesis is on the liquid droplets entrained into the gas phase. For low liquid 
flow rates, as the gas velocity increases the stratified flow structure becomes unstable and waves 
start to disperse liquid into the gas. Liquid droplets are entrained from the liquid layer and 
transported as a droplet field in the gas phase. There are two major flow effects coming from an 
entrained droplet field in the gas phase. The droplet flow can represent a very large fraction of 
the liquid transport (especially in vertical flows) and even when the entrained fraction is low, the 
presence of droplets can cause wall wetting and increasing the pressure drop. 
 
Experiments are important as basis for development of 1D flow models used for design of 
multiphase transport systems. The experiments are either used as direct closure relation or for 
model validation. These models require closure relationships related to the droplet field. These 
relationships are usually obtained from experimental measurements under controlled operating 
conditions. Instrumentation is then needed for measurement of the local droplet flux in the gas 
core.  
 
Most of the experimental work in the past has been done using water and air at atmospheric 
pressure. All of these previous studies provide important information about liquid droplets 
entrainment. However there is still a lack of experimental data in three phase flow and at high 
pressures. There are a limited number of experiments of the droplet entrainment over the entire 
pipe cross-section. The uniformity of the droplet flux distribution on the pipe cross section is one 
assumption in most of the current models.  
 
There are different experimental techniques to measure liquid droplet entrainment in annular 
flows. It can be done indirectly by withdrawing the liquid film on the pipe wall using a porous 
pipe section (See Dallman (1978); Laurinat (1982); Mantilla (2008)) or by direct sampling of the 
droplet flux using a traversing Pitot-type tube under isokinetic conditions. The droplet flux is 
measured as a liquid flow rate by accumulating the sampled liquid into a vessel for a specific 
time. (See, Andreussi (1983); Paras et al. (1991); G. J. Zhang et al. (1995); Tayebi et al. (2000); 
Skartlien et al. (2011)). The droplet volume flux can also be calculated using PDA (Particle 
Doppler Anemometry) where each droplet is recorded as it crosses a detection volume (See 
Zhang et al. (2000)). 
1.1 Scope and Outline 
The main objective of the present work is to establish relevant experimental data on the droplet 
flux in gas-liquid three phase flows and on instrumentation development for this purpose. 
From the transport perspective, the droplet entrainment, droplet flux distribution and the effect of 
the water as a second liquid phase is a main motivation for this study. In addition small droplet 
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fields can wet the walls and cause an increment in the pressure drop. The framework from this 
research and main contributions can be summarized in three main activities: 
 
-Instrumentation development: The design and building of a new test section capable of 
measuring accurately oil and water flux of droplet entrained in gas flow under high pressure 
conditions. Two isokinetic probes were designed, constructed and tested for this purpose. The 
measurements are made in an automated manner using a PLC (Programmable logic controller) 
unit controlling all the involved instrumentation. In Chapter 2 and 3 a detailed explanation of this 
process and the measuring methodology is shown. 
 
In addition, a new 5 beam two-energy gamma densitometer was designed and built (in 
collaboration with another PhD student). The new instrument will be capable of measuring phase 
fractions for three phase flows in pipes up to 90 mm ID. The new gamma densitometer can be 
rotated around the pipeline and traverse it in order to get measurements over the pipe cross 
section. The development of this new instrument, its capabilities and limitations are explained in 
Chapter 8. 
 
-Droplet flux measurements: The developed isokinetic probes are used for liquid droplet flux 
measurements in horizontal gas-oil-water flows. The experiments extend the available database 
to improve the current model predictions of the droplet concentration profiles and total liquid 
entrainment. The experiments were carried out using a high density gas (Sulfur hexafluoride, 
SF6) at moderate pressures in order to simulate the high pressure conditions of real multiphase 
transport systems. All the experiments were performed at SINTEF Multiphase Flow Laboratory 
in Trondheim. The droplet measurements section is subdivided in 3 main Chapters:  
 
 Characteristics of the three-phase stratified-annular flow: A qualitative assessment of the 
pipe wall film and droplet entrainment is done by studying three different oil with 
viscosities of 100 cP, 39 cP and 1.8 cP at different watercuts. Video recordings were 
used to achieve this objective. A two-energy traversing gamma densitometer was used to 
measure the liquid fraction profiles in horizontal stratified to annular flows. Liquid 
fraction and gas-liquid interface height is required when calculating the total liquid 
entrainment fraction and interfacial droplet concentration. Pressure gradient 
measurements were recorded. Comments on the effect of the added water are given for 
all the mentioned variables and presented in Chapter 4. 
 
 Gas velocity profiles and pressure drop measurements: In Chapter 5, the velocity profiles 
of three-phase gas oil and water mixtures were obtained using the isokinetic probe. The 
measurements are conducted over the gas cross section of a 69 mm horizontal pipe.  
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 Liquid droplet flux and distribution: The designed isokinetic probe module was used to 
measure simultaneous oil and water droplet flux along the vertical diameter and on the 
cross section of a 69 mm horizontal pipe. Three-phase flows systems including oils with 
two viscosities were tested. The droplet flux distribution over the pipe cross section was 
analyzed and its consideration has been taken into account on the total liquid entrainment 
fraction calculation (See Chapter 6). In addition, the available literature on experiments 
and models for the dispersed phase in annular and stratified horizontal pipe flows are 
reviewed and compared with the experimental results (See Chapter 7). As a result a new 
methodology is proposed for the droplet concentration prediction by fitting functions to 
the experimental data using genetic algorithms. 
 
-Wet wall pressure drop measurements: In Chapter 8, measurements of the pressure drop and 
liquid hold up in a gas flow with wet walls were carried out in a vertical pipe at NTNU 
Multiphase Flow Laboratory. For this task a new experimental setup was designed and built. The 
experiments were performed as a dry-up process, where an initial liquid film becomes thinner 
with time as it is removed by gas flow. Quick closing valves were used to measure the liquid 
holdup in the vertical section. Two data sets using Air-Water and Air-Mineral oil (60cP) at 
atmospheric conditions were obtained and comparisons with commercial flow simulators were 
performed. 
1.2 Paper list 
 
Paper 1: Shmueli, A., Unander, T.E., Nydal, O.J. 2014. Oil and water droplet flux distribution in 
horizontal separated gas-oil-water flows. To be submitted to International Journal of Multiphase 
Flow (Based on Chapter 5 and 6) 
Water and oil droplet fluxes and gas velocities have been measured along the vertical diameter 
and on the cross section of a 0.07 m horizontal pipe using an isokinetic sampling probe. 
Separated gas-oil and gas-oil-water flows at 4.7 bar pressure conditions were established using 
Exxsol D80, water and a heavy gas (SF6) to simulate high pressure flows. The entrainment of 
water and oil droplets depends on the watercut of the liquid mixture. The droplet fluxes on the 
pipe cross section are non-uniformly distributed. Neglecting the non-uniformity of the droplet 
flux distribution can give differences up to 40% on the total entrained fraction. The effect of the 
water addition to an oil-gas system on the total entrained fraction is negligible for the studied 
flow conditions 
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Paper 2: Shmueli, A., Unander, T.E., Nydal, O.J. 2014. Isokinetic sampling probe for cross 
sectional measurements of droplet entrainment in separated gas-oil-water flows. To be submitted 
to International Journal of Multiphase Flow (Based on Chapter 2) 
A new isokinetic sampling probe for droplet flux measurements in separated gas-oil-water flows 
under high pressure conditions is presented. The instrument can sample over the pipe cross 
section in an automated manner using a PLC (Programmable logic controller) unit controlling all 
the involved instrumentation. The probe was designed and tested for pressurized horizontal 
separated flows, using  SF6 for the gas phase to simulate high pressure conditions. The probe is 
demonstrated for a three phase flow case showing non-uniform droplet flux distribution over the 
flow cross section.  
 
Paper 3: Shmueli, A., Borregales, M., Asuaje, M., Nydal, O.J. 2014. Modeling of liquid droplet 
concentration profiles in horizontal stratified-annular flows. Abstract accepted for submission to 
the 17th International conference on Multiphase Technology (Based on Chapter 7) 
This paper is focus on the modeling of liquid droplet entrainment in horizontal stratified-annular 
flows. Two approaches are studied. First a review of the current state of 1D prediction models 
for liquid droplet concentration profiles is made. The limitations and assumptions are also 
discussed. Second, a new methodology is proposed as an alternative for the droplet concentration 
profiles prediction assuming an exponential droplet distribution in the vertical diameter. The 
methodology is built by obtaining empirical correlations using genetic algorithms. The algorithm 
implementation is made by using Binary trees and Prüfer encoding. As a result two empirical 
correlations are presented for the droplet concentration at the gas-liquid interface and the decay 
coefficient. The correlations are developed for two-phase gas-liquid flows and are expressed in 
terms of three non-dimensional parameters including the effects of the physical fluid properties 
and operational conditions. The obtained two-phase flow correlations are extended to the three-
phase oil-water-gas flows. The model and correlations are tested against recent experiments and 
available data from the literature. 
 
Paper 4: Shmueli, A. Nydal, O.J, Djoric, B. Unander, T.E. 2012. Oil and water droplet 
entrainment in horizontal gas liquid flows. Proc. 8th North American Conference on Multiphase 
Flow. BHR Group. Cranfield, U.K pp 199-210. (Appendix H) 
Three oil-water-gas flows experiments have been carried out in a 68 mm ID pipe with a dense 
gas (simulating high pressure flows) and with oils of different viscosities (1.8-100 cP). 
Measurements include pressure drop and liquid entrainment using an isokinetic sampling probe. 
The flow is recorded with a high speed video camera. The tested gas velocities (1-4 m/s) did not 
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give large entrained droplet fractions. The effect of water is to reduce the entrainment and 
pressure drop. OLGA predicts the pressure drop quite well. 
 
Paper 5: Shmueli, A., Unander, T.E., Nydal, O.J. 2013.Liquid droplet entrainment in horizontal 
three-phase flow. Proc 8th International Conference on Multiphase Flow. ICMF 2013. Jeju, 
Korea. (Appendix I) 
Liquid entrainment experiments have been performed in a horizontal, 69 mm ID pipe. Exxsol 
D80 and water were used as liquid phases and SF6 was used as gas phase in order to simulate 
high pressure flows. A new 4mm ID isokinetic sampling probe was designed to traverse the 
cross section of the pipe in high pressure systems. This probe has the capability of simultaneous 
droplet flux sampling and gas mass flow measurement. Two water cuts were tested. A global 
reduction in the entrainment was observed when the water cut increases when comparing droplet 
fluxes contour plots. Non uniformities of the droplet profiles on the pipe cross section were 
found suggesting the existence of secondary flows 
 
Paper 6: Shmueli, A., Unander, T.E., Nydal, O.J. 2013 Experimental and numerical evaluation 
and optimization of a non-standard Pitot/sampling probe. Engineering. Vol 5 No. 12. Pp 967-
974. (Appendix J) 
An isokinetic sampling probe was design to quantify liquid droplets entrained in gas in 
horizontal pipes the local gas velocity. This probe has the capability of working as a Pitot probe 
when the sampling is stopped. The design of the probe is not standard and therefore an 
evaluation of the device is required. CFD simulations using the commercial software Ansys CFX 
were carried out using single phase gas and the current probe geometry to analyse the influence 
of the probe design and on-site installation over the gas velocity measurement and sampling. The 
predicted results were compared against theoretical profiles from the literature and with gas 
single phase experimental data acquired in a horizontal 49 m long steel pipeline with an internal 
diameter of 69 mm. The experiments were done using SF6 at 7 bara. An asymmetry of the 
experimental velocity profiles was found. This asymmetry was reproduced with the numerical 
simulations and from them it was possible to predict and correct an installation problem using 
CFD tools. 
 
Paper 7: Shmueli, A., Arnul , T., Khatibi, M., Nydal, O.J. 2014. Experiments on gas flow with 
wet pipe walls. Proc. 9th North American Conference on Multiphase flow. BHR Group. 
Cranfield, U.K. (Based on Chapter 9) 
Measurements of the pressure drop and liquid hold up in a gas flow with wet walls were carried 
out on a vertical pipe at NTNU Multiphase Flow Laboratory. The experiments were performed 
as a dry-up process, where an initial liquid film becomes thinner with time as it is removed by 
gas flow. Quick closing valves were used to measure the liquid holdup in the vertical section. 
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Two data sets using Air-Water and Air-Mineral oil were obtained. A significant increase on 
pressure drop with small amounts of the liquid holdup was observed. Pressure gradient and 
holdup behavior were reproduced quite well by commercial flow simulators but the flushing 
time showed discrepancies. 
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2 Chapter 2 
Flow facilities and experimental techniques 
 
 
 
2.1 Experimental setup I (Rig I) 
The medium-scale flow loop at SINTEF Multiphase Flow Laboratory was modified and adapted 
to measure the local droplet entrainment in a horizontal 49m long steel pipe with an internal 
diameter of 0.07 m. The flow loop had a transparent 1.95 m section where the flow can be 
visualized and a traversing single beam gamma densitometer was installed. Oil water and gas 
enters the loop and are measured individually using Coriolis flow meters. At the end of the clear 
section an isokinetic sampling droplet module was designed and assembled into the flow loop to 
measure the local droplets flux entrained in the gas core. A simplified scheme of the rig is shown 
in Figure 2.1. 
 
Figure 2.1: SINTEF medium scale loop, simplified flow diagram 
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2.1.1 Instrumentation 
2.1.1.1 Pressure gradient measurement 
The pressure gradient is calculated from the measurement of six pressure cells that are installed 
along the loop (at 99D, 430D, 633D, 865D, 1071D and 1274D). Each differential pressure 
transducer is connected between a pressure tap on the pipe wall and a reference line. The local 
absolute pressure is calculated by adding the measured differential pressure to the absolute 
reference pressure. The pressure gradient was calculated by the estimated slope in the regression 
line obtained from the dp-cells and their respective positions. 
 
2.1.1.2 High-speed video camera 
Visual observations were performed on the polycarbonate clear pipe in order to classify each 
flow pattern and to determine the height of the liquid layer (together with the traversing gamma 
densitometer). All the videos were recorded using a Weinberger SpeedCam MiniVis camera. 
The camera has a maximum resolution of 512x512 pixels in black and white. Videos were 
recorded at up to 2500 frames per second in order to capture important characteristics of the flow 
such as liquid waves. The gas liquid interface location was measured also on the outer pipe 
perimeter at the clear section using a scale attached to the pipe surface.  
 
2.1.1.3 Isokinetic sampling probe module 
The liquid droplets entrained in the gas phase were sampled using an isokinetic probe. Two 
probes were design and built during this study. The isokinetic probes were also used to measure 
the gas velocity profiles. A detailed explanation of the characteristics, capabilities and limitations 
of this system are discussed in Chapter 4. 
 
2.1.1.4 Traversing gamma densitometer 
Measurements of the time-averaged phase fractions were carried out using an existent traversing 
two-energy gamma densitometer along the vertical diameter. The gamma densitometer consists 
of a 3.7 GBq Am241 two-energy source (16 keV and 59 keV) and a Cadmium Telluride (CdTe) 
detector. The γ ray is collimated and for each time a 2 mm horizontal pipe slice is measured. The 
TGD was located on the second transparent polycarbonate pipe (See Figure 2.1) and it is 
installed such that the beam which contains the collimated gamma emission crosses the pipe 
horizontally while it is transported from the bottom to the top of the pipe. As the measurements 
are made stepwise in the pipe it is possible to get average phase fractions in steady state flows. A 
sketch of the instrument and related instrumentation required for its operation is shown in Figure 
2.2. 
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Figure 2.2: Traversing gamma densitometer picture and operating sketch 
 
The measured intensity from a source with an initial intensity I0 traveling through a determined 
medium at a specific energy level can be written as:  
 Z0I I e
    (2.1) 
 
Where β is the attenuation coefficient for the traversed medium and Z is the distance travelled 
inside the pipe through the traversed medium. The attenuation coefficient is a constant property 
of the traversed medium for each energy level and can be obtained from the calibration 
experiments (See calibration section below). The intensity for a three phase mixture (gas-oil-
water) at a specific energy level is  
( )( ) ( )( ) g gw w o o ZyZ yyZm 0I y I e e e
           (2.2) 
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The sum of the equivalent phase path lengths is equal to the total traversed path length inside the 
pipe at a specific vertical location (See Figure 2.3). 
 
 
Figure 2.3: Beam traversing the path length inside the pipe 
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(2.4) 
 
The gas attenuation coefficient is negligible in comparison to the oil and water coefficient 
(Frøystein, 2005). This assumption yields that I0=Ig and simplifies equation (2.3) to 
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Equation (2.5) is valid for each measured energy level and together with equation (2.4) creates a 
system of three equations with three unknowns (phase path lengths).  
( ) ( )
( ) ( )
( )
H H L L
w g w g
o L H
o o
L H
w
L
m
w
H
m1 1z I y I y
I I
Z
ln ln
y y
y
 
 
 


  
(2.6) 
( ) (
( )
)
( )
( )
H H L L
o g o g
w L H
w w
L H
o
m
o
H L
m1 1ln ln
y y
I y I y
I
Z y
I 
 
 


  
(2.7) 
( ) ( ) ( ) ( )g o wZ Z Zy d y y y    (2.8) 
Equation (2.5) can be simplified for two-phase gas-liquid systems by setting Zo(y) or Zw(y) equal 
to zero for oil-gas or water-gas systems respectively. Using just the high energy level the phase 
path length for two phase flows is 
(
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Where k=w or k=o for water or oil respectively. The volume phase fractions are defined as: 
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The average phase holdup is calculated by integrating the phase fraction profiles over the pipe 
area 
D
2 2
k k
0
2 R ( y R ) ( y )dy
A
      (2.10) 
Calibration 
Single-phase calibration experiments were conducted for each fluid at their specific pressure and 
temperature conditions. These experiments were static and the instrument traversed the pipe to 
determine the intensities of the phase as function of the pipe location (See Figure 2.4) 
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High energy peak 59 keV Low energy peak 16 keV 
Figure 2.4: Example of the calibration curves (oil=Nexbase, water and gas=SF6) 
 
The attenuation coefficients should be constant for each phase and energy level at the specific 
experimental conditions. The term  ( ) ( )gkI y Il yn varies linearly with the traversed path length 
inside the pipe. As an example, on Figure 2.5 the logarithm of the relation between intensities is 
plotted against the path length inside the pipe for the high energy level for Nexbase 3080 and 
water. The attenuation coefficients are the slopes obtained by fitting a straight line to their 
respective plotted curve. The non-linear behavior occurs when the collimated beam penetrates 
both the pipe wall and the inner pipe region. The exponential behavior recovers once around 
y=1.5 mm from the pipe wall.  
  
Oil Water 
Figure 2.5: Attenuation coefficient calculation procedure, high energy peak (oil=Nexbase) 
 
One limitation of this technology for three phase flow applications is the breakdown of the 
exponential behavior for the lowest energy peak when handling water. The lowest Am241 energy 
0 0.2 0.4 0.6 0.8 1
5000
10000
15000
20000
25000
30000
35000
y/D [−]
I [
co
un
ts]
 
 
 
Oil Water Gas
0 0.2 0.4 0.6 0.8 1
0
500
1000
1500
2000
2500
3000
3500
4000
4500
y/D [−]
I [
co
un
ts]
 
 
 
Oil Water Gas
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07
−1
−0.9
−0.8
−0.7
−0.6
−0.5
−0.4
−0.3
−0.2
−0.1
0
d [m]
 
ln
(Io
/Ig
) [
−]
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07
−1.4
−1.2
−1
−0.8
−0.6
−0.4
−0.2
0
d [m]
 
ln
(Iw
/Ig
) [
−]
Chapter 2: Flow facilities and experimental techniques 
14 
peak (16 keV) disappears when the water content increases (See Figure 2.6b). The worst case 
scenario is correspondent to the pipe fully filled with water. The logarithm of the relation 
between water and gas intensities is plotted against the path length inside the pipe for the lowest 
energy level (See Figure 2.6a). The exponential behavior breaks down at approximately y=4 mm 
from the pipe wall   
  
(a) (b) 
Figure 2.6: Water attenuation for the low energy peak in the Am-241 spectrum (oil=Nexbase) 
 
This limits the usage of the dual energy of the Am241 up to certain water cut value. For this 
reason, a threshold value was established for the three phase flow cases at the lowest energy 
level on each experimental condition (Red dotted line on Figure 2.6a). Below this limit the phase 
fractions were calculated as for an oil-water system (neglecting the gas), when the measured 
intensity places below the oil density profile and oil-gas (neglecting the water) when it is above 
it (See Figure 2.7). A summary of the obtained attenuation coefficients for the tested conditions 
is shown in Table 2.1. 
 
Figure 2.7: Phases considered for the local phase fraction calculations in a three-phase flow mixture when 
the low energy logarithmic ratio between water and gas is lower than the established threshold 
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Table 2.1: Attenuation coefficients and selected threashold 
Nexbase-Water-SF6     
@ 7bar 
Mixed oil-water SF6 
@4.7 bar 
Exxsol D80-water-SF6     
@4 bar 
Water Oil Water Oil Water Oil 
Low energy -52 25.9 -58 -28.564 -66 -30.412 
High Energy 17.44 14.123 -18.057 -14.49 -17.54 -13.528 
Threashold -1.5 -1.6 -1.8 
 
For a stratified wavy flow condition, the gas-liquid and liquid-liquid interfaces will vary in time. 
However a mean representative value of these interfaces is obtained by using the gamma 
densitometer (See Figure 2.8) 
 
t=0 ms t=61 ms t=189 ms t=571 ms t=1673 ms 
Figure 2.8: Mean value in time for gas-liquid and liquid-liquid interfaces  
 
2.1.2 Experimental campaigns and fluid system 
Three experimental campaigns were carried out using the Experimental Setup I. Each of them 
had different scopes and for this reason different results. All of the campaigns involved three-
phase flows (gas-oil-water). For all the experiments sulphur hexafluoride (SF6) was used as the 
gas phase. SF6 is a high density gas that can simulate high pressure conditions. Three oils with 
different viscosities were used on each campaign. A brief summary of each experimental 
campaign is given below. 
The first campaign was conducted using Nexbase 3080 as the oil phase. Nexbase 3080 is a 
catalytically hydroisomerized and dewaxed base oil (Neste Oil). This campaign was focused on 
assessing the behavior of the liquid layer, liquid pipe film and droplet entrainment in three phase 
flows when a viscous oil is used. In this campaign no direct entrainment measurements were 
carried out. However by visual observation and gamma densitometer measurements, useful 
information about the flow patterns, liquid distribution, pipe wall film and entrainment was 
obtained in addition to pressure gradient measurements. 
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The second experimental campaign used a different oil (due to flow loop availability). Mixed oil 
between Nexbase 3080 and Exxsol D80 was used. Exxsol D80 is a de-aromatized, 
nonflammable hydrocarbon (Exxonmobil, 2010). The mixed oil was obtained by diluting 5600 
liters of Nexbase 3080 (79% by volume) with 1500 liters of Exxsol D80 (21% by volume). The 
performed measurements in this campaign were similar to ones carried out in the first campaign. 
In addition the 1D isokinetic sampling probe (See Chapter 3) was used and sampling 
experiments along the vertical diameter were conducted. 
The third experimental campaign was carried out using Exxsol D80 as the oil phase. Similar 
measurements type as the explained earlier were done. In addition cross sectional measurements 
of the droplets flux were carried out by using a 2D isokinetic sampling probe (See Chapter 3). 
A viscosity model for Nexbase 3080 (N3080) as function of temperature and pressure and for the 
Mixed oil (Moil) as function of temperature were developed by SINTEF using their 
experimental data base. Where the viscosity will be in Pas and T and P are the temperature in 
Celsius degrees and the absolute pressure in bar respectively.  
 
0.054T 0.002096414576171 P
N 3080 0.30477 e e      (2.11) 
Moil
63.57 1.39T
1000
 
  
(2.12) 
The physical properties of the fluids are shown in Table 2.2. Due to the pressure drop in the pipe, 
the gas density is corrected for the calculations at the probe location. 
 
Table 2.2: Physical properties of the fluids used on the experimental campaigns 
Phase Fluid Campaign Pressure [bara] 
Temperature 
[C] 
Density 
[Kg/m3] 
Viscosity 
[cP] 
Oil 
Nexbase 3080 M1 7.0 20 847.9 101.9 
Exxsol D80 M3 4.7 20.3 813 1.8 
Mixed oil M2 4.3 20 844.5 35.9 
Water Water   20 998 1 
Gas SF6 
M1 7.0 20 46.16 
1.51e-5 M3 4.7 20.3 27.8 
M2 4.3 20 27.17 
 
2.1.3 Flow regime classification 
The flow pattern classification was made by visual observations and video recordings on the 
clear section of the flow loop. The criteria established to classify the flow patterns for two-phase 
flow is shown in Figure 2.9. The pictures correspond to water and SF6 experiments working at 
18°C and 7 bar at different superficial gas velocities. Stratified flow was considered when gas 
and liquid phases are separated. Depending on the gas velocity the liquid interface can be smooth 
(SS) or wavy (SW). Depending on the liquid phase, the onset of liquid droplets atomization can 
occur on the stratified wavy flow regime. When the gas velocity increases, entrained liquid 
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droplets and unstable waves are swept around the pipe wall wetting it and creating a film. 
(Barnea et al., 1980). This flow pattern is classified as Stratified-Wavy-Annular “SW-AT”. 
Stratified-annular flow occurs when the gas velocity rises. A large liquid droplets rate is 
entrained in the gas core wetting the top of the pipe and together with the waves create a film 
which covers all the pipe walls. No slugs or pseudo slugs are present in the flow when annular 
flow is considered (Lin, (Lin et al., 1986). The liquid level in the pipe will increase at low gas 
and high liquid flow rates. The waves can block the pipe cross-section creating intermittent flow. 
 
   
Stratified Smooth (SS) Stratified-Wavy (SW) Stratified-Wavy- Annular-transition (SW-AT) 
   
Stratified Annular (S-A)  Statified-Annular-Intermittent transition (S-A-I) Intermittent (I) 
Figure 2.9: Classification criteria for flow Pattern in horizontal gas-liquid two-phase flow 
 
The flow patterns for three-phase gas-water-oil system were classified following the proposed 
classification by Khor (1998) and the visual criteria used in this work are shown in Figure 2.10. 
The pictures correspond to water-Nexbase 3080 and SF6 experiments working at 18°C and 7 bar 
at different superficial gas velocities and water cut 0.5. 
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Stratified Smooth (SS) Gas-oil stratified wavy; 
Oil-water stratified 
wavy (SW) 
Gas-oil stratified wavy; 
Oil-water partially 
mixed (PDSW) 
Gas-liquid stratifed 
wavy; Oil-water mixed, 
, dry upper tube (DSW) 
   
Gas-liquid stratifed wavy; Oil-
water mixed, oil wetted upper 
tube (DSW-WW) 
Oil-water stratified wavy with 
interface dispersion and oil-
wetted upper tube (SW-A) 
Oil-water mixed, annular flow 
(D-A) 
Figure 2.10: Classification Criteria for Flow patterns. Three phase flow. Following Khor, 1998 
2.2 Experimental setup II (Rig II) 
The experiments were performed at the Multiphase Laboratory located in the department of 
Energy and Process Engineering at NTNU in Trondheim, Norway. The facility consists of a 90 
riser-pipeline formed by a horizontal 13 m length 50 mm ID hose and a 6 m height 60 mm ID 
riser (See Figure 2.11). There is a transparent 0.5 m vertical section that was used to visualize the 
flow. 
At the inlet of the flow loop air is injected into a buffer tank with an equivalent volume of 
0.26m3. This is done to simulate a larger upstream pipe. Air is supplied from the workshop to the 
laboratory at 7 bara and it is reduced to 4 bara in the fluid feed line and then reduced again by a 
control valve located upstream the buffer tank. Oil, water and air are independently injected to 
the setup. A manifold was used to mix the single phases at the inlet. Water and oil are stored 
together in a large gravity separator in the basement of the laboratory. Each phase is 
independently transported to the flow loop floor using centrifugal pumps and measured using an 
electromagnetic and a Coriolis flow meter for water and oil respectively. Oil, water and air flow 
rates are controlled using control valves.  
Flow facilities and experimental techniques 
19 
 
Figure 2.11:Setup at NTNU Multiphase Laboratory 
 
2.2.1 Fluid system 
Two sets of two-phase gas-liquid experiments were carried out using a viscous mineral oil and 
water as the liquid phase and air as the gas phase. The properties of the fluids at 20°C and 1 bar 
are shown in Table 2.3. The oil density was measured by filling up measuring flask with the oil 
and then weighting this on a precision scale. The dynamic viscosity of the mineral oil was 
measured using a rheometer. 
 
Table 2.3:Liquid and Gas Properties @20 °C, 1 bar 
Fluid Density  [Kg/m3] 
Viscosity  
[Pa s] 
Mineral oil 840 0.061 
Water 998 1.002·10−3 
Air 1.2 1.3·10−5 
 
2.2.2 Pressure gradient calculation 
The pressure gradient is obtained from the measurement of two absolute pressure transducers 
separated 1.65 m. The precision uncertainty of the measurements for a confidence level of 95% 
was estimated to be 18 Pa/m for steady state annular flow at the selected experimental condition. 
In order to verify the P measurements, single-phase air measurements of the pressure drop were 
carried out comparing the results from a differential pressure transducer (1 KPa) to the absolute 
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transducers used in the drying experiments. From the pressure gradient measurements the gas 
velocity was calculated using Equation 1, where D is the riser ID, ρg is the air density, dp/dx is 
the measured pressure gradient, g is the gravity acceleration and f  is the Darcy friction factor 
(Equation 2) 
g g
g
2 D dpU g
f dx

         (1) 
10
e 2.511 2 log 3.7D Re ff
         (2) 
Values for the air flow rate are measured by a vortex flow meter located on the high pressure 
side of the rig. A pressure transducer is located next to the flow meter so that the measured flow 
rates can be pressure corrected to the atmospheric values used in the reported superficial gas 
velocity (See Equation 3) The gas velocity values obtained from the differential and absolute 
pressure transducers and the Vortex flow meter are shown in Figure 2.12. There is a fair 
agreement in both techniques for high gas velocities. In general the absolute pressure transducers 
under predict the velocity value. 
@Vortex
g ,atm Vortex
atm
P1U q
A P
  (3) 
 
Figure 2.12. Comparison between air velocity calculation using a Vortex flow meter and a differential and 
absolute pressure transducers. 
 
2.2.3 Liquid holdup measurements  
Quick closing valves are installed at the vertical steel test section. After each experiment, the test 
section can be disconnected from the rest of the setup together with the bottom valve in a closed 
position. By opening the bottom valve, the liquid fills a graded glass (accuracy 1 ml). The liquid 
stuck to the pipe walls is removed using a simple cleaning piston (See Figure 2.13). Accurate 
holdup measurements can be obtained by measuring the collected liquid volume and dividing it 
by the total volume of the test section. The total uncertainty of the holdup measurements was 
determined by error propagation method as 1e-4. 
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Figure 2.13: Cleaning mechanism 
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3 Chapter 3 
Isokinetic sampling probe module design and 
operation 
 
 
 
3.1 Introduction 
The flux of liquid droplets entrained in the gas phase was sampled using an isokinetic probe. 
Two probes were design and built during this study. First, a probe which was capable of 
traversing and sampling the flow along the vertical pipe diameter and second, a more 
sophisticated probe was designed and built in order to sample in the full pipe cross section. The 
characteristics, capabilities and limitations of this technique are commented in this chapter while 
the results of the sampled oil and water droplet fluxes are presented in Chapter 6. 
An isokinetic probe is a Pitot type sampling tube that is designed to operate under isokinetic 
conditions. Isokinetic conditions are achieved when the total pressure at tip of the probe is equal 
to the static pressure at the specific probe location and at a constant gas mass flow. Failing in 
withdraw the correct gas flow can lead to generate oversampling or under sampling of the flow 
(See Figure 3.1). 
   
Isokinetic sampling Oversampling Under sampling 
Usampling=Ubulk Usampling<Ubulk Usampling>Ubulk 
Figure 3.1: Effect of the gas withdraw into the flow sampling 
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Most of the sampling probe design considerations employed in this work follow the proposed 
ones by Tayebi (1994). The probe should be designed to avoid any disturbance in the flow. 
Wicks et al. (1960) and Williams (1990) have demonstrated that the effect of the sampling tube 
diameter on the measured droplet flux is negligible. However in this study the criteria used to 
select the probe diameter was associated to the maximum possible droplet size and for this 
purpose, two correlations were compared. Kocamustafaogullari et al. (1994) presented a 
correlation for the maximum droplet diameter in annular flows. The correlation is a function of 
the fluid properties and of the local energy dissipated by the turbulence.  
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Where the viscosity number N is defined by, 
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Kubie et al. (1977) developed a correlation for maximum droplet size in liquid/liquid systems. 
This correlation gives larger droplet diameter between the two tested correlations. 
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3.1.1 1D Isokinetic sampling probe 
The probe diameter was selected using the oil-water-gas fluid system to be used afterwards in 
the multiphase flow experiments. The probe has a 4 mm inner diameter, a 0.2 mm wall 
thickness. It is possible to measure within 4.2 mm of the pipe wall. To avoid flow disturbance, 
the opening of the sampling probe extends 50 mm upstream (≈11.4dp).The dynamic pressure is 
read at 3.75dp and the static pressure sensed at the pipe wall on the probe stem plane. Three static 
pressure taps were connected together in order to get an appropriate average static pressure and 
avoid pressure fluctuations inside the pipe. The probe head has 4 orifices connected to a common 
chamber and from it two hoses (one from the probe top and one from the bottom) were 
connected to transmit the dynamic pressure from the holes to the differential pressure transducer. 
The probe can traverse the vertical pipe diameter using a linear actuator and has the ability to 
work as a sampling and Pitot probe when a manual ball valve connected to the sampling line is 
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closed. The 1D isokinetic sampling probe used in this study is schematically shown in Figure 
3.2.  
 
 
Figure 3.2: 1D Isokinetic sampling probe sketch 
 
CFD simulations using Ansys CFX were carried out to study the effect of the probe presence on 
the flow and to detect and correct possible installation problems. The CFD analysis was 
validated by comparing the model predictions against experimental measurements. The CFD 
simulations made it possible to verify the design and predict and correct an installation problem 
related with the axial position of the static pressure port. Details of this study can be found in A. 
Shmueli et al. (2013) 
3.1.2 2D Isokinetic sampling probe 
A 4mm ID. Isokinetic sampling probe was designed and built. The probe can be positioned at 
different locations inside the pipe using simultaneously a linear and a rotary actuator. A real 
picture of the probe with a description of its components is shown in Figure 3.3a and the 
operating principle of the probe moving system is described on Figure 3.3b.  
 
(a) (b) 
Figure 3.3: (a)Isokinetic probe, (b) Probe operating principle 
 
Flowy
z x
Pipe wall
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The dynamic pressure is read at 1.375dp and the static pressure sensed at the pipe wall on the 
probe tip plane. Three static pressure taps were connected together in order to get an appropriate 
average static pressure and avoid pressure fluctuations inside the pipe. The probe head has 5 
orifices on the top side connected to a common chamber and from it two hoses were connected 
to transmit the dynamic pressure from the holes to the differential pressure transducer (See 
Figure 3.4). 
 
Figure 3.4: 2D Isokinetic probe dimensions and details of probe head 
 
The location given by the PLC unit was verified and calibrated by the following procedure. Two 
fixed spatial references were used, one in front of the probe spool piece (black lines in Figure 
3.5) and another one behind it (red lines in Figure 3.5) The test consisted on setting a desired 
location of probe inside the pipe using the PLC unit and checking afterwards the real location 
obtained by the visualization technique. 
  
Figure 3.5: Probe location calibration 
 
The real location of the probe was calculated using the methodology explained in Figure 3.6 and 
below. Where Hp is the spool piece length, hi is the length from the spool piece entry to the probe 
vertical traversing stem. The instantaneous location of the probe is describe by the coordinates 
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Xp, Yp and Zp. Due to the camera angle of view this location is observed as Xf, Yf, Zf, in front of the 
probe and Xb, Yb, Zb on the reference plane behind the probe. By geometrical relations is possible 
to define the location of the probe (See equations (3.6)to (3.8)) 
 
 
Figure 3.6: Coordinates for probe location calibration 
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The correspondence between the locations set using the PLC and the current location inside the 
pipe is shown in Figure 3.7 
 
Figure 3.7: Correspondence between the set probe location by the PLC and real probe location 
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3.1.3 Sampling Methodology 
The measurement of the total and static pressure are made at the probe tip and at the inner pipe 
wall respectively. The sampled flow goes through the probe to a gas-liquid transparent separator. 
From the separator, the gas flows through a Coriolis flow meter (Micromotion CMFS010) and 
then to a pneumatic control valve (Samson 3510). The liquid falls by gravity and is accumulated 
in a clear and graded vessel. Two clear and graded vessels with 69mm and 17mm ID were used 
depending on the sampling location inside the pipe. To obtain the isokinetic condition it was 
required to generate sufficient suction between test section and the loop separator. For this 
reason, two Danfoss gas compressors were connected in parallel between the control valve and 
the gas flow meter. A linear and a rotary actuator from Oriental Motors were used to position the 
probe vertically and on the pipe cross section respectively. 
The total pressure sensing hoses can be blocked by oil after a certain sampling time and wrong 
pressure values would be sensed. For this reason, the little hoses were flushed and cleaned with 
pressurized SF6 at the beginning of each sampling measurement. 
All the signals from the pressure transmitter, the valve, Coriolis flow meter and the actuators are 
sent to a PLC unit with a built-in HMI operator panel (Unitronics vision 1040-T20B). A Ladder 
code was developed to control all the desired variables. On the touch screen it is possible to set 
the desired probe location and to visualize the average values from the instrumentation in the 
probe module. The pressure signal from the probe, gas mass flow, valve opening and tank 
pressure is plotted in real time on the screen. The sampling rate was set to 2s-1. By using the PLC 
unit it was possible to control automatically the isokinetic condition (See Figure 3.8a and Figure 
3.8b). Figure 3.9 shows the probe module used during this study  
(a)PID 1D isokinetic probe (b) PID 2D isokinetic probe 
Figure 3.8:Control process of the isokinetic probe modules using the 1D and 2D probes 
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Figure 3.9: Isokinetic probe Module 
 
A sampling test started by changing the probe location to the desired one and flushing the 
pressure hoses with pressurized gas. The control was developed such that the flow will be 
controlled by opening or closing the pneumatic valve until the measured dynamic pressure on the 
probe be closed to 0 Pa (Isokinetic condition). Once the value of the dynamic pressure is close to 
the desired condition, the control is more precise and the valve opening changes are smaller. 
During the sampling period the control is maintained, keeping a stable gas mass flow and 
dynamic probe pressure. In general the stabilization time to reach the sampling the sampling 
period vary between experiments and the probe location in the pipe (See Figure 3.10) 
 
Figure 3.10: Sampling methodology. Stabilization of isokinetic condition and sampling period 
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The increment of oil and water level in the tank h is used to calculate the local oil and water 
droplet flow rates. For the two-phase flow experiments, h can be calculated using two methods: 
From the record of the differential pressure transducer installed in the tank (calculating the 
equivalent hydrostatic liquid column) or h can be also estimated visually using a scale attached 
to the clear vessel.  
For the three-phase flow experiments, the increment of the water level in the tank hw was 
visually estimated using a scale attached to the clear vessel (See Figure 3.11) and the oil level 
increment ho was obtained using the recorded tank pressure together with the obtained hw. 
Videos of the oil-water interface in the tank were recorded to facilitate the interface reading 
process. 
The oil and water local volumetric flow rate are calculated using equations (3.9) and (3.10) 
respectively 
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As an example, the read hw and oil droplet flux is compared to the calculated ones from the 
pressure difference for an oil-gas system. The error bars are calculated by propagation as 
explained in Appendix A (See Figure 3.12). 
  
        hw@t1=14 cm      hw@t2=15 cm 
Figure 3.11: Example of the measurement of the collected water droplets 
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Figure 3.12: Example of the obtained h and droplet flow rate for oil-gas.  Usl=0.1 m/s and Usg=6.6m/s 
(Mixed oil-SF6) 
 
The total sampling time depends on the location of the probe in the pipe and on the tested global 
watercut value. Most of the experiments were carried out at low watercuts values so the required 
sampling time to collect enough water to be measured in the vessel is higher than for two-phase 
flow conditions. 
3.1.4 Velocity Calculations 
The probe was designed to work as a sampling probe and as a Pitot tube. The local gas velocity 
is necessary to determine the local droplet concentration and to understand the flow physics. 
Two kinds of experiments were run to guarantee the results from the probe. Single phase 
experiments using SF6 were carried with the two isokinetic probes and then compared to 
theoretical profiles. 
3.1.4.1 Gas single phase velocity profiles 
The power law velocity profile for fully developed turbulent pipe flow can be written as: 
1
n
g
max
U r1
U R
      
(3.11) 
22 zyr   (3.12) 
The value of the exponent n will depend and increase with the Reynolds number (Cengel et al., 
2004) . There are many suggested empirical values for this coefficient and a summary of most of 
them are shown in Afzal et al. (2007). On Figure 3.13 a comparison of experiments and the 
theoretical velocity profile are shown for the 1D and 2D probes showing a good agreement 
between them. 
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(a). 
M2 gas experiments. 1D probe 
(b) 
M3 gas experiments. Usg=7.5 m/s. 2D probe 
Figure 3.13: Comparison between Power-law velocity profile and the local gas velocity profiles for two 
experimental campaigns (M2, M3) 
 
3.1.4.2 Multiphase velocity profiles 
In order to measure the local gas velocity using the probe as a Pitot tube it is assumed that the 
stagnation pressure will be the same as the kinetic energy of the mixture. Following Skartlien et 
al. (2011) 
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The value for the constants Ki will correct the velocity profile distortion due to the existence of 
liquid droplets.  
For the measurements carried out in the experimental campaign M3, the velocity was calculated 
using the local measured gas flow rate under isokinetic conditions. Assuming non-slip conditions 
between the droplets and the gas, the local gas velocity can be calculated using the mixture 
velocity definition. 
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4 Chapter 4 
Characteristics of horizontal three-phase stratified-
annular flow 
 
 
 
Three-phase gas-oil-water flows in horizontal pipes were studied in this Chapter and characteristics of the 
flow such as flow patterns, phase fractions, liquid height and pressure gradient were measured. Three oils 
with different viscosities, watercuts and operative conditions were studied. The measurements were 
focused on stratified and annular flow regimes. The flow patterns where classified based on high speed 
video recordings of the flow. Visual observations of the flow allowed measuring the liquid height together 
with an existent two-energy traversing single beam gamma densitometer. Liquid fraction and gas-liquid 
interface height is required when calculating total liquid entrainment fraction and interfacial droplet 
concentration. In addition comments on the pipe wall film and droplet entrainment are presented. 
4.1 Introduction 
Three-phase flows are treated sometimes as gas-liquid flows with average properties on the 
liquid phase. However this assumption might not be correct in all cases as slip can cause 
deviations from the homogenous liquid-liquid behavior. Experimental studies on three phase 
flows have been conducted in the past. Sobocinski (1955), Açikgöz et al. (1992), Pan (1996) and 
Khor (1998) proposed classifications for the flow regimes based on visual observations of their 
oil-water-air experiments.  
Several authors have studied the effect of the fluid properties on gas-liquid flow in horizontal 
pipes. Most of them focused their work on the effect of the liquid viscosity (Hoogendoorn 
(1959); Weisman et al. (1979)). Phase fractions in two-phase gas-liquid flow have been studied 
in the past using gamma densitometers, x-rays, conductance and capacitance probes or quick 
closing valves. However, studies on the characteristics of three phase stratified-annular flows are 
more limited (See Nuland et al. (1993); Chen et al. (1997); Pan (1996); Hoffmann et al. (2011); 
among others).  
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4.2 Experimental conditions 
The experiments were conducted starting from an oil-gas system and increasing the water cut at 
a constant superficial liquid and gas velocity as it is shown in Table 4.1. The water cut and 
superficial liquid velocity are defined as WC=Usw/Usl, Usl=Usw+Uso respectively. The flow 
regimes in all the experiments are ranged from stratified wavy flow with small amplitude waves 
to annular flow with atomization. Three different oils were used to study the influence of the 
viscosity on the behaviour of the flow.  
 
Table 4.1 Experimental matrix 
Fluids Pressure (bar) Usl (m/s) Usg (m/s) WC (-) 
(N3080/W/SF6) 
Nexbase 3080 
Water 
SF6 
7.0 
0.11 
0.7 
0.75 2.6 5.3 
8.0 
0.2 
1.3 
0 
0.49 
1 
2.6 
0 
0.5 
1 
5.3 
0 
0.5 
1 
8.0 
0 
0.5 
1 
0.40 2.6 0 5.3 0.5 
0.79 
1.3 
0.5 2.6 
8.0 
(MO/W/SF6) 
Mixed oil 
Water 
SF6 
4.3 0.1 6.6 
0 
0.1 
0.21 
0.72 
(E80/W/SF6) 
Exxsol D80 
Water 
SF6 
4.5 
0.1 8.8 
0 
0.2 
0.8 
0.2 
6.1 
0 
0.05 
0.1 
0.2 
7.5 
0 
0.1 
0.2 
8.9 
0 
0.05 
0.1 
0.2 
0.4 
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4.3 Flow maps 
The flow pattern maps were obtained based on the high speed video recordings of the flow and 
following the classification criteria explained in Chapter 2. The flow pattern maps are shown for 
two oils: Nexbase 3080 and the mixed oil. The conditions using Exxsol D80 were limited to 
stratified-annular flow where oil and water where mixed in the liquid layer.  
4.3.1 Nexbase-Water-SF6 
The flow pattern maps for a two-phase water-gas and Nexbase-gas system are summarized in 
Figure 4.1a and Figure 4.1b respectively. Where the abbreviations SW: Stratified wavy; SW-AT: 
Stratified wavy transition to annular. SW-DW-Ent: Stratified wavy with dry pipe walls droplet 
atomization; S-A: Stratified annular; S-A-I: Stratified annular to intermittent and I: Intermittent 
flow. Gray dashed lines are drawn on the plots to illustrate the possible flow regime transitions. 
a.Water cut=1 b.Water cut=0 
Figure 4.1: Flow pattern map for water-gas (a) and Nexbase 3080(100 cP)-gas (b) at 7 bara 
 
The transitions from stratified wavy to annular flow occur considerably earlier for the oil-gas 
system than for the water-gas system. One explanation may be the reduction on the surface 
tension of the liquid phase (Water has almost three times the oil surface tension). These 
observations are in agreement with the experimental work from Tzotzi et al. (2011). According 
to previous studies the effect of the liquid viscosity was found to be negligible over the stratified 
to annular flow transition (See Gokcal et al. (2008); Weisman et al. (1979)). The onset of liquid 
droplet entrainment occurs around Usg=2 m/s for Nexbase-SF6 and between Usg=7 m /s and 9 
m/s for the water-gas system. 
The transition from stratified to intermittent flow is later for the oil-gas system. Tzotzi et al. 
(2011) did not find any effect of the surface tension on the stratified-intermittent flow transition 
for low gas velocities. However, for high gas velocities (close to the annular flow region) they 
found later transitions for systems with low surface tension liquids. A small region with 
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intermittent flow was found at low gas and liquid velocities for the Nexbase-gas system. 
Previous experiments on the same setup and conditions were carried out by Smith et al. (2011). 
They found a transition from stratified to slug flow at Uso  0.1 m/s and low gas superficial 
velocities, defining all flow patterns which not fully close the pipe cross section as stratified 
flow. 
The flow pattern results for a three-phase flow system (water-Nexbase 3060-SF6) at watercuts 
0.5 and 0.75 are shown in Figure 4.2 together with a scheme of the observed flow configuration. 
The onset of droplet entrainment for the water cut 0.5 case is around Usg=2.6 m/s. 
Water cut=0.5 Water cut =0.75 
  Stratified 
Smooth-Transition 
to Intermittent 
(SS-I) 
Gas-oil 
stratified wavy; 
Oil-water stratified 
wavy (SW) 
Gas-oil 
stratified wavy; 
Oil-water partially 
mixed (PDSW) 
Oil-water 
stratified wavy with 
interface dispersion 
and oil-wetted 
upper tube  (SW-A) 
Oil-water 
mixed, annular 
flow 
(D-A) 
   
Figure 4.2: Flow maps for Nexbase 3080(100 cP) 7 bara, WC=0.5 and WC=0.75 
 
4.3.2 Mixed oil-Water-SF6 
The flow pattern map for two-phase Mixed oil-gas is shown in Figure 4.3. The pressure in this 
case is lower than for the Nexbase-gas case. The comparison between the flow maps is not 
straightforward as both the gas density and the viscosity are different in this case. The stratified 
flow region is reduced in comparison to the Nexbase 3080-gas system and the transition to 
intermittent flow occurs earlier (Usl<0.15 m/s).The transition from stratified to annular flow 
occurs at higher Usg values (Usg> 6 m/s). The three-phase flow experiments were carried out at 
a constant gas and liquid superficial velocity where the flow pattern was always Oil-water 
mixed, annular flow. 
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Figure 4.3: Flow pattern map for Mixed oil(35 cP)-gas at 4.3 bara 
4.4 Phase fractions  
The phase fractions profiles are measured using a traversing gamma densitometer. The average 
phase holdup is calculated by integrating the local phase fractions over the pipe area. The 
integration is made as: 
2 R
2 2
k k
0
2 R ( y R ) ( y )dy
A
      (4.1) 
Here the sub index k=g,o,w as gas, oil or water respectively and y, R and A are vertical location 
in the pipe, the pipe radius and the pipe cross section respectively. On Figure 4.4 a summary of 
the experiments using the highest viscosity oil (Nexbase) at Usl=0.2 m/s is presented. The total 
liquid and phase profiles for the rest of the experiments listed in Table 4.1 can be found in 
Appendix B. Stratified wavy flow with small amplitude waves was visually observed at the 
lowest gas superficial velocities (Usg=1.3 m/s, See Figure 4.4a) for water cut values 0 (oil and 
gas) and 1 (water-gas). For the three-phase case at watercut 0.5 and the same Usg, three-layer 
stratified wavy flow is present. There was a large amount of small gas bubbles entrained in the 
oil layer. At Usg=2.3 m/s the liquid layer is still stratified but partially mixed at the interface 
between oil and water (See Figure 4.4b). The gas-liquid interface becomes wavier and some 
droplets are entrained on the gas phase. When increasing the superficial gas velocity to 5.3 m/s 
(See Figure 4.4c), the flow pattern becomes stratified-annular. Droplets from the liquid layer 
waves wet the top of the pipe wall creating a thick and wavy film. A thick, continuous and 
homogenous liquid film climbs up the pipe wall and a delimited border between the two film 
regions is observed. This behavior is very similar to the oil-gas system. No visual oil and water 
stratification was observed in the liquid layer for these conditions. This is confirmed by the 
gamma densitometer measurements where oil is dispersed in water (See Figure 4.4i-k).  
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When the liquid phases are mixed they can be approximated as homogenous flow, meaning that 
there is no slip between them. One might expect that the oil and water phase fraction profiles to 
be overlapped as the watercut value in these experiments is 0.5. However, this is not observed in 
these experiments as the oil content in the liquid layer becomes considerably smaller than the 
water as the superficial gas velocity increases.  The in-situ watercut WCi-s defined by the ratio of 
water to total liquid holdup (WCi-s=w/L) is plotted in Figure 4.5 The in-situ water is always 
larger than the input water cut (0.5) for these conditions. 
 
Figure 4.5:In-situ water cut vs superficial gas velocity. Oil: Nexbase 3080. WC=0.5. Usl=0.2 m/s 
 
Two possibilities can explain this behavior: (a) There is a large slip between oil and water layers 
(See Figure 4.6) (b) A large amount of oil is redistributed from the liquid wall film and atomized 
to the gas phase as droplets (See Figure 4.8).  
 
(a) Large slip between oil and water: Assuming this premise, water and oil have different 
velocities on the liquid layer (Uw ≠ Uo). As a simplified approach, neglecting the gas entrained in 
the oil layer and the liquid entrained as droplets in the gas phase the mass conservation equations 
for the three phases are written as 
g sg g guq U A U A     (4.2) 
w sw w wdq U A U A     (4.3) 
o so o odq U A U A     (4.4) 
 
  
Figure 4.6: First possibility sketch  
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Here Agu, Awd and Aod  are the area occupied by the gas over the gas-liquid interface and the areas 
occupied by water and oil below the gas liquid interface respectively. These areas are calculated 
by establishing a gas-liquid interface based on the phase fraction profiles (See a detailed 
explanation in section 4.5). The gas, oil and water phase fraction profiles are integrated from the 
pipe bottom to the gas-liquid interface in the oil and water phases and from the gas-liquid 
interface to the pipe top for the gas phase. 
ku
D
2 2
ku k
hw
uA 2 R ( A  y R ) ( y )dy       (4.5) 
kd
hw
2 2
kd k
0
dA 2 R ( A  y R ) ( y )dy       (4.6) 
Here the sub index k=g,o,w as gas, oil or water respectively. For oil-water flows the slip ratio 
and slip velocity between the phases are respectively estimated by:  
o
w
o o
o / w
w w
U q
S
U q



  
(4.7) 
s o/ w o wU U U    (4.8) 
The slip ratio and oil water slip velocity obtained from using the approach described above are 
plotted in Figure 4.7. Both variables increase with the gas superficial velocity and numerically 
could explain the behavior on Figure 4.4. However physically there is no reason to expect an 
increment on the slip when increasing Usg. The relative velocities are also very large. 
 
 
Figure 4.7: Slip ratio and oil water slip velocity 
 
(b) Oil redistribution as droplets and film: The gas flow generates a shear stress on the oil 
stratified layer. Due to the large oil viscosity, the gas-oil shear stress might not be high enough to 
promote a proper mixing between the liquid phases but rather cause entrainment of the oil to the 
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gas phase. The majority of oil is then entrained in the gas and the remaining can be mixed with 
the water resulting in the situation shown in Figure 4.4i-k. The gamma densitometer does not 
have the accuracy to measure the entrained liquid droplet fractions in the gas phase so a different 
approach to the first possibility is followed.  
 
  
Figure 4.8: Second possibility sketch  
 
Assuming a non-slip condition between the oil droplets and the gas and no gas entrainment in the 
oil layer, the gas phase velocity is calculated as: 
sg
g
gu
U A
U
A
  (4.9) 
As an extreme case it is assumed that all the oil is transported in the gas phase as droplets or as 
the liquid wall film. The area occupied by the oil over the gas-liquid interface Aou is calculated as 
so
ou
g
U A
A
U
  (4.10) 
For the dispersed cases (Usg  5.3 m/s), the percentage of the gas area Agu that should be 
occupied by oil if all of it is entrained to the gas phase is no larger than 1.7%. This suggests that 
this possibility is feasible and can explain the fraction profiles shown in Figure 4.4. 
 
The phase fraction profiles obtained when using Exxsol D80 as an oil phase (P=4.7 bara) are 
shown in Figure 4.9. The liquid fraction profile of the three-phase flow tends to be similar to the 
water-gas system at high gas velocities (for stratified-annular flow) so the differences between 
the liquid fraction profiles of the two-phase or three-phase flows are small. (See Figure 4.4d-e). 
There is a distribution of the oil and water phases inside the liquid layer when increasing the 
input watercut value. The general trend is a reduction on the oil fraction and an increment on the 
water fraction as the watercut value rises (See Figure 4.10). The in-situ water cut is generally 
larger but close to the input water cut. However using Exxsol D80 at the presented conditions, 
the differences between the input and the in-situ watercut are not as large as in the Nexbase 3080 
cases. 
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Usg=6.1 m/s Usg=7.5 m/s Usg=8.9 m/s 
   
Figure 4.9: Liquid phase profiles for Exxsol D80-water and gas at Usl=0.2 m/s 
 
Usg=6.1 m/s Usg=7.5 m/s Usg=8.9 m/s 
 
Figure 4.10: Oil, water and liquid phase fraction for Exxsol D80-water and gas at Usl=0.2 m/s 
 
The phase fraction profiles obtained when using the Mixed oil as an oil phase (P=4.3 bara) are 
shown in Figure 4.11. Similar to the results using Nexbase as an oil phase, there is a reduction on 
the liquid holdup of the three-phase flow cases in comparison to the two-phase flow case. There 
is a redistribution of the oil and water phases inside the liquid layer when increasing the input 
watercut value. A reduction on the oil fraction and an increment on the water fraction as the 
watercut value rises are observed. Similar to the previous results, the in-situ water cut is in most 
cases larger than the input water cut.  
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Figure 4.11: Liquid phase fraction for Mixed oil-water and gas at Usl=0.25 m/s, Usg=6.6 m/s 
4.5 Gas-liquid interface 
The gas-liquid interface height hw is a parameter required in the integration of the measured 
liquid droplet flux (See Chapter 6). Due to the wavy interface, a proper selection of its location 
will be uncertain. For the integration purposes, hw should be selected in the location just above 
the largest observed wave. For this reason different strategies were followed: First a scale was 
attached to the outer pipe diameter on the clear section. Using the high speed videos and direct 
visual observations the interface can be located. Second, the interface location can be obtained 
from the measured gamma profiles. The first guess was to select the interface at L=0.5. In this 
case, the entrainment fraction is overestimated as it includes the wavy region. It was decided to 
assumed that the maximum top wave will occur when the liquid fraction in the pipe was set to 
L=0.05. A summary of the gas-liquid interface height hw measured from the pipe bottom and 
using the approaches explained before is shown in Table 4.2and Table 4.3. For each set of Usl 
and Usg and a specific hw estimation methodology, the liquid height keeps relatively constant 
with the variation of the watercut value. 
 
Table 4.2: Gas liquid interface height. Mixed oil-water-SF6 
Fluids Pressure (bar) 
Usl 
(m/s) 
Usg 
(m/s) 
WC 
(%) 
hw (mm) 
Visual Gamma L=0.5 
Gamma 
L=0.05 
(MO/W/SF6) 
Mixed oil 
Water 
SF6 
4.3 0.1 6.6 
0 13.7 11.97 16.27 
0.1 14.0 6.92 10.85 
0.21 13.3 6.56 9.51 
0.72 13.1 5.85 11.30 
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Table 4.3: Gas liquid interface height. Exxsol D80 -water-SF6 
Fluids Pressure (bar) 
Usl 
(m/s) 
Usg 
(m/s) 
WC 
(%) 
hw (mm) 
Visual Gamma L=0.5 
Gamma 
L=0.05 
(E80/W/SF6) 
Exxsol D80 
Water 
SF6 
4.7 
0.1 8.8 
0 15.3 5.68 10.69 
0.2 15.3 5.69 9.24 
0.8 14.5 4.70 10.33 
0.2 
6.1 
0 22.6 11.11 17.94 
0.05 24.4 - - 
0.1 21.8 10.94 18.48 
0.2 27.1 9.82 18.96 
7.5 
0 22.4 9.74 16.13 
0.1 24.4 9.34 15.91 
0.2 24.4 9.21 14.99 
8.9 
0 21.2 8.12 16.04 
0.05 23.8 8.05 16.08 
0.1 22.9 8.38 16.24 
0.2 21.2 8.71 15.35 
0.4 22.4 8.21 13.62 
 
As mentioned before, the droplet sampling probe was not available for experiments using 
Nexbase 3080. However some interesting and relevant information was observed and comments 
about it are made below. 
From the high speed videos, the thick liquid layer height seems to increase (See Figure 4.12) 
while the Usg value rises from 5.3 m/s to 8 m/s and later to 10.7 m/s being contradictory to 
previous studies (Paras and Karabelas (1991); Williams. et al. (1996); among others). However 
from the gamma densitometer measurements it is verified that the layer decreases with the 
increment of Usg. A possible explanation for this behavior might be the existence of a curved 
gas-liquid interface. Curved gas-liquid interfaces are commonly reported for small diameters 
(less than 0.05 m), low viscosity liquids or low-liquid loading gas-liquid stratified and annular 
flow (Hart et al. (1989); Chen et al. (1997); Meng et al. (2001); Vlachos (2003); Tzotzi et al. 
(2011). For high liquid holdups, there is not much experimental evidence of this phenomenon as 
in gravity dominated systems the liquid surface tends to be flat (Gorelik et al. (1999)). The oil 
viscosity and surface tension in this case help the oil to climb up the pipe wall. 
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Figure 4.12: Pictures from high speed videos. Oil=Nexbase 3080(100 cP) 7 bara, Usl=0.2 m/s.WC=0.5 
4.6 Axial pressure drop 
The pressure gradient at different watercuts for all the studied fluid systems and operational 
conditions are shown in Figure 4.13 for all the studied cases from Table 4.1. The pressure 
gradient increases with the superficial gas velocity for a constant watercut and superficial liquid 
velocity. For the cases using Nexbase 3080 as the oil phase the three phase pressure gradient 
(WC=0.5) is in between the value for an oil-gas (WC=0) and water-gas system (WC=1). For the 
Mixed oil case it was observed a slight increment on the pressure drop at 0.7 watercut. More 
experiments are needed to confirm this trend. For the Exxsol D80 cases the pressure gradient 
remains relatively constant for the studied watercuts up to 0.4. There is an increment on the 
pressure gradient for WC=0.7 and Usl=0.1 m/s, Usg= 8.8 m/s. This increment is caused by the 
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dispersions formed by the oil-water mixture as shown in the picture on Figure 6.6 in Chapter 6. 
Comparisons between the experimental data and predictions from models in the literature and 
commercial a flow simulator was shown in Shmueli et al. (2012) (See Paper I). The uncertainty 
was estimated using the methodology shown in Appendix A. Using this methodology the 
maximum and average errors in the pressure gradient were 8 Pa/m and 4 Pa/m respectively. 
Nexbase-Water-SF6  P=7 bara Mixed oil-Water-SF6  P=4.3 bara 
 
Exxsol D80-Water-SF6  P=7.7 bara Exxsol D80-Water-SF6  P=4.5 bara 
Figure 4.13: Pressure drop vs. Water cut at a constant Usl=0.2 m/s 
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4.7 Summary 
In this chapter the experimental data obtained for flow regime maps, phase fraction profiles, 
liquid layer heights and pressure gradients in horizontal three phase flows were presented. The 
test matrix was limited by the loop access. 
For the high viscous oil used it was shown that there is oil deficiency in the liquid layer 
compared to water for a case with WC=0.5. This might be due to increased oil entrainment in the 
gas phase when the superficial gas velocity is increased. The three-phase (WC=0.5) liquid layer 
decreases from WC=0 to WC=1, especially at low gas velocities. However, for low viscous 
systems, the liquid layer height relatively constant for fixed values of the superficial liquid and 
gas velocities and varying the watercut meaning that the oil and water phases redistribute inside 
the mixed liquid layer. 
At the studied conditions the pressure gradient decreases systematically with the increase of the 
watercut for all the gas velocities and for the high viscosity oil. There are no significant 
differences on the pressure gradient measurements for the low viscous system at the studied 
conditions. 
For low viscosity oils and high gas velocities, the holdup profiles are quite independent on the 
watercut. The three-phase pressure drop values are, for most cases, quite independent on the 
watercut.  
For the viscous oils, the holdup profile with pure gas-oil shows higher values than for the three-
phase profiles, which are again quite independent on the watercut. The oil and water holdup 
profiles show water accumulation with respect of no-slip conditions. This is due to more oil than 
water being entrained as droplets into the gas core. The three-phase pressure drop values are in 
between the gas-oil and gas-water values. For the viscous oils, when comparing visual liquid 
heights with holdup measurements, there are indications that the shape of the gas-liquid interface 
may be curved.  
 
 
 
 
 
 
 
 
 
 48 
 
 
 
 
 
 
 
 
 
 
49 
5 Chapter 5 
Gas velocity profiles in stratified-annular three-
phase horizontal flow 
 
 
 
Measurements of the vertical and cross sectional gas velocity were carried out for stratified/annular gas-
oil and gas-oil-water flows under high pressure conditions. Exxsol D80, water and a dense gas (SF6) were 
used as fluids in the experiments. Secondary flows were observed for all tested conditions. The addition of 
water modifies the distribution of droplets inside the pipe caused by a modification of the secondary flows 
nature in the gas core. 
5.1 Introduction 
The study of the droplet characteristics in stratified-annular flows is essential for designing and 
calibrating flow models. The gas velocity profiles gives information about the distribution 
effects on the pipe cross section. In horizontal gas-liquid separated flows, observations indicate 
an asymmetry of the liquid film and a non-uniform entrained droplet concentration distribution 
along the vertical axis. (See Williams. et al. (1996); Tayebi et al. (2000), experiments in Chapter 
6). The existence of a liquid film on the pipe wall may be due to a combination of several flow 
effects. Van’t Westende et al. (2007) listed possible involved mechanisms such as entrainment 
and deposition of droplets, surface tension effects (mainly for small pipe diameters), wave-
spreading where liquid from the layer climbs-up to the pipe walls and secondary flows in the gas 
core. Secondary flows are counter rotating cells which contribute to drag the liquid in the 
spanwise direction, towards the pipe top (See Figure 5.1). 
The existence of secondary flows has been proven in the past by experimental measurements by 
Darling et al. (1968); Flores et al. (1995); Williams. et al. (1996); Dykhno et al. (1994). 
Secondary flows are promoted by the non-uniform pipe roughness product of the non-uniform 
liquid film between the pipe wall and the gas-liquid interface (See Flores et al. (1995); Belt 
(2007)) and the non-uniform droplet concentration distribution along the vertical axis due to 
gravity. 
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Figure 5.1. Illustration of secondary flow in the gas core 
 
Belt (2007) suggested that secondary flows occur due to an anisotropy in the Reynolds stress 
tensor in the pipe cross section. This anisotropy is caused either by the effect of a non-circular 
geometry or due to a non-uniform wall roughness effect. He suggested that two effects can be 
present in the gas core depending on the distribution of the liquid film:  
- Roughness effect: The non-uniform pipe roughness product of the non-uniform liquid film 
between the pipe wall and the gas-liquid interface cause higher tangential stresses on the 
bottom of the pipe than in the top promoting an upwards gas flow along the pipe wall. The 
maximum mean axial velocity is shifted to the bottom compared to a single-phase flow case 
(See Figure 5.2a) 
- Blockage effect: Particles far from the pipe wall and close to the gas-liquid interface can 
block the flow. In this case the tangential stresses are larger on the top of the pipe than on 
the bottom promoting a downwards gas flow. The maximum mean axial velocity is shifted 
to the top compared to a single-phase flow case. See Figure 5.2b) 
These two effects can often be combined and obtaining in some cases two secondary flow cells 
which are symmetric with respect to the vertical pipe axis See Figure 5.2c). Van 'T Westende 
(2007) conducted numerical simulations using LES and concluded that secondary flows help to 
increase the droplet concentration in the gas core and the deposition rate in the pipe top. In his 
simulations the particle concentration distribution was not uniform on the pipe cross section and 
he attributed it to the presence of secondary flows. 
   
(a) Roughness effect (b) Blockage effect (c) Combined effect 
Figure 5.2. Effects that promotes secondary flows within the gas core in a horizontal pipe 
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In oil, water and gas flows, the presence of a second liquid phase can modify the behavior of the 
flow characteristics (as shown in Chapter 4). At certain flow conditions, adding water to a two-
phase oil-gas system can diminish the liquid film at the wall or it can reduce the liquid droplet 
entrainment (See Shmueli et al. (2012)). The effect of the added water on the behavior of 
secondary flows is also unknown. The current study provides some experimental data on gas 
velocity profiles in stratified-annular three-phase pipe flow and aimed to analyze the effect of the 
added water on the velocity profiles of a two-phase gas-liquid system. 
5.2 Experimental conditions 
The experiments were performed using the experimental setup explained in Chapter 2. The 
experiments were carried out by starting from two-phase flow (oil-gas) system and then adding 
water at a constant liquid and gas superficial velocity. Gas velocity measurements were 
performed along the vertical diameter and over the pipe cross section. The watercut for the 
water-oil mixture is calculated as the relation of the water superficial velocity to the liquid 
velocity. The gas-liquid interface is determined using a two-energy gamma densitometer and 
following the procedure explained in Chapter 4. A summary of the tested flow conditions is 
shown in Table 5.1. 
Table 5.1: Experimental tested conditions 
Fluid Pressure [bar] 
ρg 
[Kg/m3] 
Usl 
[m/s] 
Uso 
[m/s] 
Usw 
[m/s] 
Usg 
[m/s] 
WC 
[-] Case 
Sampling 
Type 
(E80/W/SF6) 
Exxsol D80 
Water 
SF6 
4.3 25.8 0.1 
0.1 0 
8.8 
0 1 
1D 0.08 0.02 0.2 2 
0.02 0.08 0.8 3 
4.5 26.8 0.2 
0.2 0 
6.1 
0 4 1D/2D 
0.19 0.01 0.05 5 1D 
0.18 0.02 0.1 6 1D/2D 0.16 0.04 0.2 7 
0.2 0 
7.5 
0 8 
1D/2D 0.18 0.02 0.1 9 
0.16 0.04 0.2 10 
0.2 0 
8.9 
0 11 1D/2D 
0.19 0.01 0.05 12 1D 
0.18 0.02 0.1 13 1D/2D 0.16 0.04 0.2 14 
0.12 0.08 0.4 15 1D 
5.3 Results 
On Figure 5.3 the vertical gas velocity profiles for the tested cases are shown. Each plot 
corresponds to a constant gas and liquid superficial velocity and different watercut values. The 
profiles are plotted against the distance from the gas-liquid interface to the top of the pipe yhw. 
Where the interface height hw are summarized in Table 4.3. The tested conditions shown on the 
plots correspond to stratified flow with atomization to stratified-annular flow. For the studied 
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cases, the addition of water as a third phase does not show a significant effect on the on the mean 
gas velocity profiles in shape or magnitude. Small differences are noted between the vertical 
profiles. However, these differences are mainly within the magnitude of the measurement error 
(See Appendix A). Reducing the superficial liquid velocity to Usl=0.1 m/s gives the same trends. 
The shape or magnitude of the vertical velocity profiles are not affected by the water addition 
even for the largest tested watercut value (WC=0.8). For all the cases the maximum of the 
velocity profile is found to be close to the center of the of the gas area. 
  
  
a.Usl=0.2 m/s, Usg=6.1 m/s b.Usl=0.2 m/s, Usg=7.5 m/s 
  
c.Usl=0.2 m/s, Usg=8.9 m/s d.Usl=0.1 m/s, Usg=8.8 m/s 
Figure 5.3: Gas velocity profiles. Oil: Exxsol D80. 
 
The gas velocity was measured on the pipe cross section for cases 4,6-11,13-14 (See Table 5.1). 
To generate the gas velocity contour plots, a boundary condition on the gas-liquid interface was 
3 4 5 6 7 8 9 10 11
−0.01
0
0.01
0.02
0.03
0.04
0.05
Ug [m/s]
y h
w 
[m
]
 
 
WC=0
WC=0.05
WC=0.10
WC=0.20
3 4 5 6 7 8 9 10 11
−0.01
0
0.01
0.02
0.03
0.04
0.05
Ug [m/s]
y h
w 
[m
]
 
 
WC=0
WC=0.10
WC=0.20
3 4 5 6 7 8 9 10 11
−0.01
0
0.01
0.02
0.03
0.04
0.05
Ug [m/s]
y h
w 
[m
]
 
 
WC=0
WC=0.05
WC=0.10
WC=0.20
WC=0.40
3 4 5 6 7 8 9 10 11
−0.01
0
0.01
0.02
0.03
0.04
0.05
Ug [m/s]
y h
w 
[m
]
 
 
WC=0
WC=0.20
WC=0.80
Gas velocity for stratified-annular three-phase horizontal flow 
53 
imposed if the velocity value was not measured. In this case, the waves celerity at the gas-liquid 
interface, using Kumar et al. (2002) model, Equation (5.1) was used. The velocity values outside 
the measured boundaries (pipe wall) were interpolated between the measured and an imposed 
zero velocity condition on the pipe wall above the liquid film. 
sg sl
w aves
U U
U
1
      (5.1) 
Where 
L
g
sg
sl





25.0
Re
Re5.5
 
(5.2) 
The oil-water liquid layer in three-phase flow experiments was assumed to be mixed (and 
confirmed by the phase fraction profiles and visual observations). For this reason mixture 
properties of oil and water where used. The viscosity of the liquid mixture was considered as the 
continuous phase viscosity. 
The velocity contours are shown for constant watercut and each tested superficial gas velocities 
are shown in Figure 5.4 and Figure 5.5. The velocity values are normalized by the maximum 
velocity. All the sampled points are shown as a red cross on the plots. The gas-liquid interface is 
shown as a dotted black line and the white dotted line represents the condition for 
U(y)/Umax=0.98.  
For WC=0, the flow pattern is stratified-annular flow for all the tested gas velocities. For all the 
conditions the maximum velocity is found around y/D≈0.6. As the gas superficial velocity 
increases the liquid layer height at the pipe bottom decreases suggesting a slight upward shifting 
of the maximum velocity value, which is in accordance to the measurements of Dykhno et al. 
(1994) and the simulations from Van 'T Westende (2007). There is a small deflection on the 
velocity profile towards the pipe centre and on the region close to the gas-liquid interface. This 
deflection accentuates when increasing the superficial gas velocity to 8.9 m/s.  
Usg=6.1 m/s Usg=7.3 m/s Usg=8.9 m/s   
   
 
U ( y )
U max
 
Figure 5.4:Axial velocity contour plots for different superficial gas velocities. Usl=0.2 m/s, WC=0 
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The deflection of the velocity profiles in the bottom area close to the gas-liquid interface is 
related to the redistribution of the liquid droplets entrained in the gas core. As the gas velocity 
increases, more liquid droplets are entrained. The effect of more droplets travelling close to the 
gas-liquid interface is to block the mean flow reducing the Reynolds stresses in the bottom in 
comparison to the top of the pipe and creating a blockage effect, (Belt, 2007), Van 'T Westende 
(2007)). 
The results for watercut values of 0.1 and 0.2 are shown in Figure 5.5. The addition of water at 
the lowest gas velocity (6.1 m/s) has a small effect on the velocity contour shape. This behaviour 
is expected for the watercut value 0.1 as the oil and water droplet distribution is not strongly 
affected by the addition of water (See Chapter 6). On the contrary, a change on the velocity 
profile was expected for WC=0.2. In this case, the film on the top is not sustained, meaning that 
the droplet deposition rate and the strength of the secondary flows are not enough to promote the 
deposition of particles. For higher velocity values a deflection in the bottom region is found for 
both watercuts studied. This is in agreement with the observed increment of the droplets close to 
the interface (See Chapter 6). 
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Figure 5.5: Axial velocity contour plots for different superficial gas velocities. Usl=0.2 m/s. 
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5.4 Summary 
Gas velocities profiles have been measured in stratified three-phase flows, under conditions were 
droplet entrainment exists. A sampling probe was used under isokinetic conditions to measure 
the gas velocity profiles on the pipe cross section. Even for high entrainment conditions, the 
maximum of the velocity profiles were observed to be close to the centre of the gas area.  
Along the interface the gas velocity profile is deflected with lower values towards the pipe wall, 
indicating secondary flows. 
The deflection increases with increasing the gas velocity. For the tested watercut values, the gas 
velocity profiles are not sensitive to the input watercut. 
 
 
 
 
 
 
56 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
57 
6 Chapter 6 
Oil and water droplet flux distribution in 
horizontal gas-liquid-liquid flows 
This chapter will be submitted for publication in Int. J. Multiphase Flow and has been partially published at 
Proc. 8th North American Conference on Multiphase flow. BHR Group 
 
 
 
Water and oil droplet fluxes have been measured along the vertical diameter and on the cross section of a 
0.07 m horizontal pipe using an isokinetic probe. Stratified-annular gas-oil and gas-oil-water flows under 
high pressure conditions were established using Exxsol D80, a more viscous oil, water and a heavy gas 
(SF6) to simulate high pressure flows. The entrainment of water and oil droplets depends on the global 
watercut of the liquid mixture. The droplets on the pipe cross section are non-uniformly distributed. 
Neglecting the non-uniformity of the droplet distribution can give differences up to 40% on the total 
entrained fraction. The effect of the water addition to an oil-gas system on the total entrained fraction is 
negligible for the studied flow conditions. 
6.1 Introduction 
Gas-liquid flows are very common in the industry and in many cases the liquid phase is 
hydrocarbons and water. The droplet entrainment fraction in the gas phase and the pressure drop 
in the pipeline are important variables to predict when designing multiphase flow lines and 
equipment. 
In separated flows, droplets can be entrained from the liquid layer and transported as a droplet 
field in the gas phase. There are two major flow effects resulting from an entrained droplet field 
in the gas phase. The droplet flow can represent a very large fraction of the liquid transport. 
Even when the entrained fraction is low, the presence of droplets can be important because 
droplets cause wall wetting and thus contribute to increased pressure drop.  
It is common practice to use 1D flow models to describe the behavior of multiphase flow. These 
models require closure relationships related to the droplet field. These relationships are usually 
obtained from experimental measurements under controlled operating conditions. Most of the 
reported experimental work in the past has been made using water and air at atmospheric 
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pressure. All of these previous studies provide important information about liquid droplets 
entrainment. However there is still a lack of experimental data in three phase flow and at high 
pressures and large diameters. A summary of the available data in the literature is shown in 
Table 6.1. 
Table 6.1: Summary of experimental data in droplet entrainment in horizontal flows 
Author Measurement technique Fluids 
D 
[cm] 
Usg  
[m/s] 
WL 
 [kg/s] 
WC 
[-] 
ρg  
[Kg/m3] 
Dallman 
(1978) 
Film 
withdrawal 
(Porous 
section) 
Air-Water 2.31 15-88 0.003–0.250 1 
1.26–
2.75 
Laurinat 
(1982) 
Film 
withdrawal 
(Porous 
section) 
Air-Water 5.08 11-131 0.033–0.970 1 2.05 
Williams 
(1986 & 
1990) 
Isokinetic 
Sampling Air-Water 9.53 26-88 0.12–0.86 1 
1.3–
1.85 
Paras & 
Karabelas 
(1991) 
Isokinetic 
Sampling Air-Water 5.08 31-66 0.04–0.39 1 1.3–2.3 
Tayebi 
 (2000) 
Isokinetic 
Sampling 
SF6-Water 
SF6-Exxsol 
D80 
10 3.5-7 1.96 0/1 22-47 
Mantilla 
(2008) 
Film 
withdrawal 
(Porous 
section) 
Air-Water 
Air-
Water/Butanol 
Air-
Water/Glycerin 
5.08 20-80 0.0035-0.1 1 100 
Boulesteix 
(2010) 
High speed 
camera Air-Water 5 4.5-30 0.04-1.38 1 
1.18-
1.23 
Skartlien 
(2011) 
Isokinetic 
Sampling 
SF6-Water-
ExxsolD80 10 5-9.5 
0.031-
3.275 
5/0.2/0.
4/0.6 54 
Kjølaas et 
al (2011) 
Isokinetic 
Sampling 
Naphta-
Nitrogen 20.32 
3.03-
10.19 
0.574-
4.696 0 
23.4-
102.5 
Magrini et 
al (2012) 
Isokinetic 
Sampling/ 
Film 
withdrawal 
(Porous 
section) 
Air- water 7.62 40-80 0.016-0182 1 1.2 
Gawas 
(2013) 
Isokinetic 
Sampling 
Air- Isopar 
LTM-Water 15 
1.93-
2.02 0.13-0.35 
0/0.1/0.
2/0.4/1/ 
23.4-
102.5 
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Dallman (1978) studied the liquid entrainment in annular air-water flow in horizontal and 
vertical pipes. He performed measurements in a horizontal pipeline 2.54 cm in diameter, 
collected data from the literature and proposed models for the entrainment fraction in fully 
developed flows for vertical and horizontal systems. To measure the entrainment fraction he 
used a porous section of a pipe to withdrawn the liquid film on the walls and also a pitot-type 
sampling probe. Good agreement was obtained for the entrainment fraction with both techniques 
(5%). 
The results obtained by Dallman (1978) indicate that the entrained fraction is negligible if the 
gas velocity is below a critical value for initiation of atomization. However if the gas velocity 
exceeded the threshold value for atomization the entrainment fraction increases with the third 
power of the gas velocity. The entrainment value would typically reach a maximum and then 
change less with increasing the gas velocity. 
The effect of the pipe size on entrainment in horizontal pipes was studied first by Laurinat 
(1982) and afterwards by Williams (1990). In his research, Laurinat (1982) used a similar setup 
and flow conditions as Dallman (1978) but using a 5.08 cm I.D pipe. He withdrew the wall film 
through a porous pipe section to measure the entrained droplet flux. He compared the pressure 
drop, film thickness and entrainment fraction measurements with the results obtained by 
Dallman (1978) and correlated the results using a modified form of the correlation developed by 
Dallman (1978).  
The test facility used by Dallman (1978) and Laurinat (1982) was modified by Williams (1990). 
The local entrained droplet flux was measured using an isokinetic sampling probe. The probe 
module he designed was able to sample droplets in different locations of the pipe cross section. 
He studied the effect of the sampling tube diameter on the measured droplet flux showing that 
there was not a big difference on the results. As a main conclusion of his work, he found that 
increasing the pipe diameter in horizontal annular flows will change the droplet concentration 
distribution and liquid film considerably. He pointed out that the entrainment fraction 
correlations developed in small diameter pipes will over predict the entrainment fraction in large 
diameter pipes. Williams et al. (1996) studied the effect of the pipe diameter in horizontal 
annular flow. He measured the local liquid droplet flux in the gas core using a sampling probe in 
a 9.53 cm i.d horizontal pipe using air and water at atmospheric conditions. The test section was 
constructed from a Plexiglas pipe. He found that when increasing the pipe diameter at a constant 
gas velocity, the distribution of the liquid film around the pipe will become more symmetric. 
Comparing the entrainment fraction results with previous data from literature they did not found 
a significant effect of the pipe diameter, contrary to his previous work. 
Mantilla (2008) carried out measurements in stratified and annular flow in a 2-inch and 6-inch 
diameter flow loop, to estimate the entrainment fraction a liquid film extractor was used. The 
working fluids were air-water-butanol and air-water-glycerin. Additionally he developed a 
mechanistic model to predict the entrainment fraction in horizontal gas-liquid systems. 
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Boulesteix (2010) used visual techniques to describe the atomization mechanisms in stratified 
and annular air-water flow at atmospheric conditions. In addition he measured the local droplet 
flux, diameters and velocity. 
The pressure effect on the liquid droplet entrainment fraction has been studied by Tayebi et al 
(2000). The experiments were performed using a high density gas (SF6) at moderate pressures to 
simulate pressure conditions closer to the real transport conditions. The local droplet flux was 
measured using an isokinetic sampling probe. He explained that the liquid flux distribution along 
the vertical axis above the film behaves as an exponential function. The experiments were 
performed using water and Exxsol D80 as liquid phases to study the effect of the surface tension.  
Skartlien et al. (2011) used the same configuration as Tayebi et al. (2000) to measure the local 
flux of droplets across the vertical diameter. They developed a 1D cross sectional droplet 
concentration profile model and suggested that that the entrainment phenomena in three phase 
flows is controlled by the dominant liquid in the system. 
Azzopardi (1997) and Boulesteix (2010) summarize all the experimental techniques that has 
been used to measure liquid droplet entrainment in stratified flow with atomization and annular 
flow. 
There are a limited number of experiments of the droplet entrainment over the entire pipe cross-
section. Paras and Karabelas (1991) found the liquid droplet entrainment to be fairly constant 
along the horizontal axis for low liquid rates. However there were no uniformities of the droplet 
concentration distribution at high liquid rates and the authors attribute this to the measuring 
technique uncertainty. Williams et al (1996) studied two cases: stratified flow with dry top wall 
and stratified-annular flow. On his cross section measurements he found non uniformities along 
the horizontal direction in the droplet concentration profiles. He proposed that this could be 
caused by the effect of secondary flows, which in their study will appear when the concentration 
of droplets was high. This fact is consistent with the observations from Van 'T Westende (2007) 
who states that the existence of secondary flows in the gas core of stratified-annular flow can 
modify the droplet distribution and its deposition on the wall. Belt (2007) stated that an 
anisotropy of the Reynolds stress tensor will modify the pattern of the secondary flow. This 
anisotropy is caused either by the effect of a non-circular geometry, non-uniform particles 
distribution or due to a non-uniform wall roughness effect. The particle distribution can promote 
a blockage effect when they are far from the pipe wall and a roughness effect when they are 
close to the pipe wall and can act on the viscous stresses. A more detailed explanation about 
secondary flows has been given in Chapter 5. 
The uniformity of the droplet flux and droplet concentration distribution over the pipe cross 
section is one assumption in most of the current models and no proper validation has been done 
to confirm if the droplet distribution can be considerable when calculating the total liquid 
entrained.  
The objectives of this Chapter are to describe the effect of the addition of a second liquid phase 
on the total liquid entrainment fraction, to quantify and understand cross sectional distributions 
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effects and estimate and quantify the differences associated in the total liquid entrained 
calculations when the cross section droplet flux distribution in the pipe is not considered in the 
integration. 
6.2 Experimental conditions 
The experiments were performed using the experimental setup explained in detailed in Chapter 
2. The experiments were carried out by starting from two-phase flow (oil-gas) system and then 
adding water at a constant liquid and gas superficial velocity. Isokinetic sampling experiments 
along the vertical diameter and over the pipe cross section were performed. A summary of the 
tested flow conditions is shown in Table 6.2. The water cut and superficial liquid velocity are 
defined as WC=Usw/Usl, Usl=Usw+Uso respectively. 
 
Table 6.2: Experimental tested conditions 
Fluid Pressure [bar] 
Usl 
[m/s] 
Uso 
[m/s] 
Usw 
[m/s] 
Usg 
[m/s] 
WC 
[-] Case 
Sampling 
Type 
(E80/W/SF6) 
Exxsol D80 
Water 
SF6 
4.7 
0.1 
0.1  0  
8.8 
0 1 
1D 0.08  0.02  0.2 2 
0.02  0.08  0.8 3 
0.2 
0.2 0 
6.1 
0 4 1D/2D 
0.19 0.01 0.05 5 1D 
0.18 0.02 0.1 6 
1D/2D 
0.16 0.04 0.2 7 
0.2 0 
7.5 
0 8 
1D/2D 0.18 0.02 0.1 9 
0.16 0.04 0.2 10 
0.2 0 
8.9 
0 11 1D/2D 
0.19 0.01 0.05 12 1D 
0.18 0.02 0.1 13 
1D/2D 
0.16 0.04 0.2 14 
0.12 0.08 0.4 15 1D 
(MO/W/SF6) 
Mixed oil 
Water 
SF6 
4.3 0.1 
0.1 0 
6.6 
0 16 
1D 
0.09 0.01 0.1 17 
0.08 0.02 0.21 18 
0.03 0.07 0.72 19 
6.3 Droplet flux 
The local droplet flux for each liquid phase “n” (n=o for oil and n=w for water) is defined as 
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n n
LEn
p
q (x,y)F (x,y)
A
  (6.1) 
Where qn(x,y) is the sampled volumetric flow rate of phase “n” droplets, ρn is the density of the 
phase “n” and Ap is the probe cross section opening area. The effect of the gas velocity is shown 
in Figure 6.1 where the total droplet fluxes vertical profiles are presented for a constant watercut, 
liquid velocity and fluid properties. The profiles are plotted against the distance from the gas-
liquid interface to the top of the pipe yhw. Where the interface height hw values are summarized in 
Table 4.3The total local droplet local flux is defined by the addition of the water and oil droplet 
fluxes profiles (FLEo+w=FLEo+FLEw). In general for all the studied cases, there is an increment on 
the water and oil droplet fluxes when the gas velocity increases for all the tested watercuts. This 
is in line with previous observations from Williams et al. (1996), Paras & Karabelas (1991), 
Tayebi et al. (2000), among others. The water and oil droplet fluxes are very low and fairly 
constant in the top of the pipe indicating that gravity does not have a strong effect on the droplet 
distribution in this pipe region. Williams et al. (1996) attribute this to the droplet size distribution 
in the pipe where smaller droplets travel on the top and larger ones close to the gas-liquid 
interface. Measurements of the droplet sizes made by Gawas (2013) in three different pipe 
locations confirm this hypothesis. An increment in the gas superficial velocity increases the 
droplet fluxes. 
 
WC=0 WC=0.1 WC=0.2 
Figure 6.1: Total local droplet flux at constant watercut. Oil: Exxsol D80. 
 
The subsequent results are organized in the following manner: In Figure 6.2a-b to Figure 6.4a-b, 
the vertical profiles of local water and oil droplet fluxes are shown for a constant superficial gas 
and liquid velocity and fluid properties and are plotted against the distance yhw from the gas-
liquid interface to the top of the pipe. The water and oil droplet fluxes are shown as filled and 
non-filled markers respectively on the plots. Plots on the right hand side shown the total local 
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droplet local flux. The contours of water and oil droplets flux are displayed in Figure 6.2c to 
Figure 6.4c. All the sampled points are displayed as blue crosses on the contour plots. Please 
note the logarithmic scale on the plots. 
Figure 6.2a-b show a comparison of the droplet fluxes for Usg=6.1 m/s and watercuts varying 
from 0 to 0.2 (cases 4-7). For WC=0, a continue oil film covering the entire pipe wall was 
present. Increasing the water cut to 0.05 and gradually to 0.2 yields to an increase on the 
transported water droplet flux and on a reduction on the liquid wall film thickness especially on 
the top of the pipe. This behavior was previously reported by Shmueli et al. (2012). At the 
highest watercut, some droplets were deposited on the top of the pipe and travelling along it. 
Close to the interface, the oil droplets fluxes are relatively constant between the tested water cuts 
and decrease to the top of the pipe following an exponential behavior. 
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FLEo [kg/m2s] FLEo [kg/m2s] FLEw [kg/m2s] FLEo [kg/m2s] FLEw  [kg/m2s] 
     
(c) FLen (Kg/m2s)  
Figure 6.2: (a) 1D- Oil (empty markers) and water (filled markers) local droplet fluxes. (b) 1D-Total local 
droplet flux. (c) 2D- cross section droplet flux. Usl=0.2 m/s, Usg=6.1 m/s. Oil: Exxsol D80. 
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The distribution of oil and water droplets over the cross section are fairly uniform for x/D<0.2 
and y/D<0.5 for both WC=0 and 0.1 (Figure 6.2c). There is not a significant effect on the cross 
section droplets flux distribution shape when increasing the watercut to 0.1. These contours give 
an indication of the presence of secondary flows promoted by roughness. The roughness effect is 
accentuated when increasing to WC=0.2. Increasing the watercut also promotes to get more 
water droplets which are heavier than oil droplets and they tend to be closer to the interface due 
to gravity. This creates a blockage effect that combined with the roughness effect generates two 
secondary flows cells in the gas core. One cell is promoting droplet transport counterclockwise 
from the pipe wall bottom to the center and a second cell supporting the transport clockwise 
from the center close to the gas liquid interface to the top of the pipe. Thanks to this effect, both 
the oil and total droplet flux for this watercut condition is larger than in the top of the pipe. 
 
Increasing the Usg to 7.5 m/s shows a similar trend (cases 8-10, see Figure 6.3a-b). For WC=0 
there is a continuous film on the entire pipe wall and while the watercut value is increasing the 
film thickness become thinner. However, in this case the film is still existent at WC=0.2. The 
existence of annular-stratified flow at this flow conditions is possible due to the gas velocity. As 
the gas velocity increases oil and water droplets become smaller after their atomization from the 
liquid wavy layer. Their transport to the top of the pipe is easier in this case and so it is their 
deposition on the pipe wall to maintain the liquid wall film. Similar to the lower gas velocity, the 
vertical oil droplet flux profiles are relatively constant close to the interface and both water and 
oil droplet fluxes decrease to the top of the pipe following an exponential behavior. The total 
local droplet flux is very similar between the three watercuts tested at this superficial gas 
velocity. 
 
On Figure 6.3c, the contour plots have a similar shape for all the tested water cuts and it is a 
clear presence of at least one secondary flow cell promoted by the roughness effect. There is a 
small secondary flow cell promoted by particle blockage close to the gas-liquid interface in all 
the tested conditions. This blockage might exist due to the increment of waves and wave 
pumping at this gas velocity. 
 
Oil and water droplet flux distribution in horizontal gas-liquid-liquid flow 
65 
WC0 WC0.1 WC0.2 
FLEo [kg/m2s] FLEo [kg/m2s] FLEw [kg/m2s] FLEo [kg/m2s] FLEw  [kg/m2s] 
     
(c) FLEn (Kg/m2s)  
Figure 6.3: (a) 1D-Oil (empty markers) and water (filled markers) local droplet fluxes. (b) Total local 
droplet flux . (c) 2D- cross section droplet flux. Usl=0.2 m/s, Usg=7.5 m/s. Oil: Exxsol D80. 
 
For the highest gas velocity Usg=8.9 m/s (cases 11-15) annular-stratified flow is present for all 
the watercut values studied at this gas and liquid velocity (See Figure 6.4a). There are not visible 
differences on the liquid pipe wall thickness when varying the watercut value. As a general 
trend, the water droplet fluxes increase and oil droplet fluxes decrease in a systematic way to the 
increment of the watercut value. This is consistent with the observations by Gawas (2013). As 
the gas superficial velocity increases the droplet flux distribution on the pipe cross close to the 
gas-liquid interface are less uniform.  
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WC0 WC0.1 WC0.2 
FLEo [kg/m2s] FLEo [kg/m2s] FLEw [kg/m2s] FLEo [kg/m2s] FLEw  [kg/m2s] 
     
(c) FLen (Kg/m2s)  
Figure 6.4: (a) 1D-Oil (empty markers) and water (filled markers) local droplet fluxes. (b) Total local 
droplet flux. (c)  2D- cross section droplet flux. Usl=0.2 m/s, Usg=8.9 m/s. Oil: Exxsol D80. 
 
Stratified -annular flow pattern is still present for all the studied watercut values when reducing 
the superficial liquid velocity to 0.1 m/s at Usg=8.9 m/s. The total droplet flux decreases with 
decrease in the liquid superficial velocity for all the tested watercuts. This has been previously 
stated on the studies by Paras & Karabelas (1991), Williams et al. (1996) and Gawas (2013). 
However, the flow structure changes when the systems goes from oil continuous to water 
continuous. The liquid layer height decreases and an oil-water emulsion is created and makes the 
wall film waves to become thicker and having a foamy appearance (See Figure 6.6 ). On the top 
of the pipe a very thin film is present with some droplets traveling faster than the film itself. 
Close to the interface there is symmetry between the profiles for WC=0.2 and WC=0.8. 
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Figure 6.5: (a) Oil (empty markers) and water (filled markers) local droplet fluxes. (b) Total local droplet 
flux .Usl=0.1 m/s, Usg=8.8 m/s. Oil: Exxsol D80. 
   
WC=0 WC=0.2 WC=0.8 
Figure 6.6: Variation of the Usg and watercut at constant Usl=0.1 m/s and Usg=8.8 m/s. Oil: Exxsol D80. 
 
The effect of the oil viscosity was studied in cases 16-19. Case 16 started as a stratified-annular 
flow. However, the liquid film on the top of the pipe disappears by increasing the watercut to 
0.077 and continues to thinning itself while the watercut increases (Shmueli et al. (2012)).The 
decrement on the oil droplet fluxes while the watercut value increases is also observed when 
using the viscous oil (See Figure 6.7). In this case the measured water droplet fluxes are very 
scattered to give a clear tendency about their behavior with the watercut. By increasing the 
watercut the total droplet flux decreases faster than for the cases using Exxsol D80 as oil phase. 
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Figure 6.7: (a) Oil (empty markers) and water (filled markers) local droplet fluxes. (b) Total local droplet 
flux .Usl=0.1 m/s, Usg=6.49 m/s. Oil: Mixed oil. 
 
The total local fluxes show a general decrement with the increment on the water cut. This 
reduction is more significant in the cases 16-19 where the mixed oil was used. The oil droplets 
show an exponential behavior from the interface to the top of the pipe.  
6.4 Oil and water droplet concentrations 
The dimensional droplet concentration is defined as  
LE n
g
F ( y )
C( y )
U ( y )
  (6.2) 
Where FLEn is the local droplet fluxes, Ug is the local gas velocity (presented in Chapter 5). 
Vertical droplets concentration profiles are presented in Figure 6.8 for Exxsol D80-water and 
SF6 (Cases 1-15) for a fixed liquid superficial velocities of Usl=0.2 m/s and Usl=0.1 m/s 
respectively. The oil and water droplets concentration are shown as filled and non-filled markers 
on the plots. For all the tested water cuts an exponential concentration behavior is observed 
closed to the gas-liquid interface for water and oil droplets. For most of the cases, close to the 
upper pipe wall, the concentration values become to a fairly constant asymptotic value as 
observed before by Kjølaas et al. (2011), Skartlien et al.(2011) and Gawas (2013). 
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a.Usl=0.2 m/s, Usg=6.1 m/s b.Usl=0.2 m/s, Usg=7.5 m/s 
c.Usl=0.2 m/s, Usg=8.9 m/s d.Usl=0.1 m/s, Usg=8.8 m/s 
Figure 6.8: Droplet concentration profiles. Oil: Exxsol D80. The measured oil and water droplet 
concentration profiles are shown as filled and non-filled markers respectively. 
 
The oil and water droplet concentrations were normalized by their interface concentration value 
and plotted against the distance from the gas-liquid interface (See Figure 6.9). The shapes of the 
oil and water profiles are very similar for a constant watercut value, especially close to the 
interface. The distribution of water and oil droplets in the gas seems to be governed by their 
concentration value on the interface. However some differences between the curves are expected 
(and represented by the data) as the terminal velocity for water and oil droplets is different. For 
watercut values 0.8 the differences between the oil and water profiles are large, suggesting that 
for this case oil and water droplets might be atomized to the gas phase in a separate way (in 
agreement with the separate entrainment hypothesis from Skartlien et al., 2011).  
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a.Usl=0.2 m/s, Usg=6.1 m/s b.Usl=0.2 m/s, Usg=7.5 m/s 
c.Usl=0.2 m/s, Usg=8.9 m/s d.Usl=0.1 m/s, Usg=8.8 m/s 
Figure 6.9: Normalized droplet concentration profile by the concentration at the gas-liquid interface. Oil: 
Exxsol D80. The measured oil and water droplet concentration profiles are shown as filled and non-filled 
markers respectively. 
6.5 Local watercut 
The local watercut is defined as 
w
L
w o
q (x, y )
WC (x,y)
q (x, y ) q (x, y )
   (6.3) 
The local watercut is plotted on the pipe cross section (Cases 4, 6-11,13,14) in Figure 6.10. For 
most of the cases (with exception of WC=0.2 Usg=6.1 m/s). The local watercut decreases along 
the pipe diameter from the gas-liquid interface to the top of the pipe. The local watercut values 
are lower but very close to the input watercut value in close proximity to the gas-liquid interface, 
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being an indication of a well-mixed liquid layer. There is a redistribution of the water droplets in 
the pipe cross section when the gas superficial velocity increases at constant watercut. The 
distribution of the local watercut for the case of WC=0.2 and Usg=6.1 m/s is affected by the 
secondary flow cells present for this case as explained before. 
Input 
Watercut [-] 
Usg m/s 
6.1 7.5 8.9 
0.1 
 
   
 WCL  
0.2 
   
 WCL  
Figure 6.10: Local watercut cross sectional contours  
6.6 Total liquid entrained fraction  
The total mass flow of droplets is calculated by integrating the local liquid flow of droplets from 
the gas liquid interface to the top of the pipe. For the 1D sampling experiments it was assumed a 
uniform distribution of the droplet fluxes on the gas phase cross section, meaning that the droplet 
flux just vary on the vertical diameter. This is a common approach used in the current flow 
simulators and utilized by previous authors (Paras & Karabelas 1991, Williams 1996, Tayebi 
2000, Gawas 2013, among others). For the integration a flat gas-liquid interface is assumed. (See 
Figure 6.11a) 
 
n n
D 22
L LE LEhw
g
2 AE A F R F ( y )dyy R
A
       (6.4) 
Chapter 6: Oil and water droplet flux distribution in horizontal gas-liquid-liquid flow 
72 
The 1D integration was performed numerically using the trapezoidal rule of the experimental 
data. The data was discretized and interpolated using a piecewise cubic hermite interpolating 
polynomial. The experimental data was extrapolated or interpolated when required to get the 
values at the top of the pipe and at the interface (See Figure 6.11b). A grid dependency study 
was performed and the integration results were not dependent on the used discretization (from 10 
to 1000 elements, the maximum relative error found in comparison to the finer grid was 0.3%). 
 
 
(a) (b) 
Figure 6.11: (a) Sketch for 1D integration of the droplet fluxes. (b) Example of the interpolation and 
extrapolation result on the droplet profiles. Usl=0.2 m/s, Usg=8.9 m/s, WC=0.2 (Case 14) 
 
The 2D integration was performed based on a different approach. In this case, the sampled 
droplet fluxes are scattered within the pipe cross section. To facilitate the visualization of the 
results and subsequent integration the sampled points were fitted to a rectangular grid. This task 
was performed by using a surface modeling tool developed in Matlab (Gridfit, 2006). This also 
allows refining the measured mesh and getting a better discretization for the integration process 
(See Figure 6.12a). The data outside the measured boundaries was extrapolated without 
considering any particular boundary condition. Every cell or element of the grid used for the 
droplet flux integration on the pipe cross section was classified depending on its location inside 
the pipe and has four nodes. A total of 15 different element types were found (See Figure 6.12b). 
A detailed summary is available on Appendix D. The identification of each element type was set 
according to its location in reference to the pipe wall. A methodology was created to identify 
every element type where each one will have a unique identification vector (See Appendix D). 
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(a) (b) (c) 
Figure 6.12: (a) Rectangular grid and fitted surface to the experimental data (b) Element types on the cross 
section (c) Possible nodes configuration 
 
Fitting a surface to a rectangular grid provides information of droplet fluxes in the 4 nodes of 
each element, however the surface equation is not known. There are several approaches one can 
chose to perform the 2D integration, two examples of them are shown in Figure 6.13. In this 
work the methodology in Figure 6.13a was applied. Considering that the fitted surface can be 
described as multiple planes which contains three of the four nodes of each element, the equation 
of each plane is given by 
1 np 2 np 3 LEn p np
LEn_calc
3
n ( x x ) n ( y y ) n F ( x ,y )
F (x,y )
n
        (6.5) 
Where n1, n2 and n3 are the components of the vector normal to the plane and xnp and ynp are the 
spatial coordinates of any of the three selected points in the plane. 
(a) (b) 
Figure 6.13: (a) Representation of the interpolated data.(a) Plane between node. (b) Plane using one 
representative node value. 
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A grid dependence study was performed and an example is shown in Figure 6.14a. The vertical 
discretization was set to be the double of the horizontal one. Using 12 divisions in the horizontal, 
the relative error in comparison with the finest grid is 0.7%. It was considered that from this 
point the results are not dependent of the grid. On Figure 6.14b an example of the obtained fitted 
planes is shown together with experimental data (shown as red circles). The maximum, 
minimum and average fitting errors in this case are 27%, 0.3% and 8% respectively. The 
maximum error occurs for low droplet fluxes mainly in the top of the pipe (See Figure 6.14c) 
(a) 
 
 
(b) (c) 
Figure 6.14: (a) Grid dependency study (b)Fitted planes over the droplet flux experimental data 
(c)Comparison of the experimental droplet flux with the predicted flux by the fitted planes. All the 
examples are for Case 11 
 
The total droplet flux of water and oil is calculated by adding all the volumes of the solids 
formed by the element area and the height of the flux plane. 
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(6.6) 
 
The droplet entrainment fraction is defined by the relation between the entrained oil droplet mass 
flow rate (EL) and the total liquid mass flow rate in the system (WL) 
 LEo LEwL
e
L L sl
AF FEf
W A U
   (6.7) 
Figure 6.15 shows the oil, water and total entrainment fraction obtained for cases 4-15 (Oil: 
Exxsol D80, Usl=0.2 m/s). The general tendency is that the water entrainment increments and 
the oil entrainment decreases with the rise in the watercut. In this way the total entrainment 
fraction (oil + water) keeps relatively constant, similar to what was reported previously by 
Gawas (2013). The entrainment fraction increases with the gas superficial velocity in line to 
previously reported results from by Ishii et al. (1989), Paras & karabelas (1991), Williams et al. 
(1996), Tayebi et al. (2000). 
The total entrainment fraction is not strongly dependent on the added water for the studied cases 
using Exxsol D80 as an oil phase. A different perspective was observed when using the viscous 
oil (See Shmueli et al. (2012)). The total entrainment fraction decreases while adding water to 
the system. In this work visual support from the high speed videos confirm this tendency. 
However, further experimental work needs to be done in order to confirm the reduction in liquid 
entrainment when adding water to the gas-liquid system in high viscosity systems. 
 
         Usg=6.1 m/s, Usl=0.2 m/s        Usg=7.5 m/s, Usl=0.2 m/s    Usg=8.9 m/s, Usl=0.2 m/s 
 
Figure 6.15: Water, oil and total entrainment fraction. Exxsol D80-Water-SF6 (Cases 4-15) 
 
A comparison between the two integration methodologies to calculate the total entrainment 
fraction is presented in Figure 6.16. There is an over prediction of the entrainment fraction when 
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using the 1D integration methodology. The relative error when using the 1D approach in 
comparison to the 2D approach increases with the gas superficial velocity from 10% to 43%. The 
majority of the liquid transported as droplets occurs close to the gas-liquid interface. As 
presented on the droplet flux cross sectional plots, at lower gas velocities the droplets are more 
uniform distributed close to the interface mainly due to the less wavy flow. Secondary flows 
have a strongly effect on the distribution of droplets on the top of the pipe even at low gas 
superficial velocities. However the total entrained fraction is not strongly influenced by them at 
the lowest gas superficial velocities.  
 
           Usg=6.1 m/s, Usl=0.2 m/s        Usg=7.5 m/s, Usl=0.2 m/s    Usg=8.9 m/s, Usl=0.2 m/s 
 
Figure 6.16: Comparison of total liquid entrained fraction using 1D and 2D integration methodologies. 
Oil=Exxsol D80 
6.7 Effect of the interface selection 
The droplet entrainment fraction calculated by the integration of the droplet profiles will depend 
mainly on the correct measurement of the droplet profiles and on the correct estimation of the 
gas-liquid interface. Ideally the integration should be done from the location of the highest wave 
top to the pipe top and sometimes the selection of the interface could be quite uncertain. 
Different approaches can be followed to select the gas liquid interface. 
The interface location can be estimated as well from the frames extracted from the high-speed 
videos on the pipe diameter on the clear section. This technique might have a large associated 
uncertainty as the location could be affected by the camera location, pipe wall effect, film around 
the pipe or just human errors when discriminating between a wave and a very large droplet just 
expulsed from the wave. Using this technique the interface height will be overestimated and in 
consequence the entrainment fraction underestimated. 
In the previous section, the total entrained fraction was calculated using the measurements from 
the liquid fraction profiles (See Chapter 4) obtained using a two-energy gamma densitometer. 
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The fraction profiles from the gamma densitometer showed, for some of the studied cases, a 
steep slope in the profiles which is a characteristic of a wavy flow (See Hu et al. 2013). This 
complicates the selection of the “real” gas-liquid interface. As a first guess, it can be assumed 
that the gas liquid interface is located at L=0.5. The entrainment fraction will be overestimated 
by selecting this interface as it includes the wavy region. Being more conservative, it can be 
assumed that the maximum top wave will occur when the liquid fraction in the pipe was set 
(arbitrarily) to L=0.05. On Figure 6.17 it is shown the effect of the interface selection in the 
total entrainment fraction calculation. The differences between the lowest and largest interface 
locations (hw) are between 1 cm and 1.8 cm. This difference can lead to a large effect on the 
total entrainment fraction calculation. The results from the visual observations and the gamma 
densitometer at L=0.05 are closest to each other. 
 
 
Figure 6.17: Effect of the interface height selection on the fe calculation. Oil=Exxsol D80 
6.8 Summary 
A new instrument was designed and built for isokinetic sampling of gas flow with droplets at 
high pressure flow conditions. The sampling probe can traverse over the pipe cross section. 
Using the new 2D probe it is therefore possible to measure simultaneously the gas local velocity 
and the liquid droplet flux in the gas core. An experimental campaign on droplet flux 
measurement was carried out and results for the liquid droplet local fluxes are presented for two 
and three phase flows. 
A general increment of the droplet fluxes were observed when the gas velocity increases at 
constant water cut.  
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The droplet distribution in the pipe cross section is not uniform over the horizontal axis for both 
water and oil and all the studied cases. The droplet distribution shape and the magnitude of the 
non-uniformity depend on the particular flow conditions. 
In addition, in horizontal stratified-annular flow there is a non-uniform droplets distribution on 
the vertical diameter due to gravity. Larger and heavier droplets travel closer to the gas-liquid 
interface while smaller and lighter droplets travel closer to the top of the pipe. This support the 
creation of a non-uniform liquid film on the pipe wall, which is thicker close to the gas-liquid 
interface and thinners at to the top of the pipe. The existence of a non-uniform film causes a non-
uniform pipe wall roughness and its effect is to promote the occurrence of secondary flows in the 
gas core. 
The integration of the 1D profiles gives an over prediction of the total entrainment fraction in 
comparison to the 2D profiles. The total entrainment fraction from the integration of the droplet 
flux profiles is very sensitive to the definition of the interface position. The maximum relative 
error found for the highest gas velocity was 43%. The effect of the water addition to an oil-gas 
system on the total entrainment fraction is negligible for the studied conditions. 
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7 Chapter 7 
Modeling of liquid droplets concentration profiles 
in stratified-annular flows 
 
 
 
The current state of prediction models for liquid droplet concentration profiles is reviewed in this 
Chapter. The limitations and assumptions are discussed. The model is tested against the experiments 
from this work and data from the literature. Despites the non-uniformities on the droplets distribution 
on pipe the cross section found in last chapter a 1D modeling approach is followed. Empirically 
based relations for the concentration profiles are derived using genetic algorithms on the available 
experimental data. 
7.1 Introduction 
Most of the current models for prediction the droplets concentration profiles are based on a 1D 
approach (Paras and Karabelas (1991), Pan et al. (2002), Kjølaas et al. (2011), Skartlien et al. 
(2011)). Following Paras and Karabelas (1991), a diffusion-type equation is used to estimate the 
droplet concentration 
hw
n
dC w C( 1 C ) a( y )
dy
      (7.1) 
Where ε is the particle diffusivity, w is the terminal settling velocity of the particles. For dilute 
suspensions C(1-C)≈C (Paras et al. (1994)). yhw represents the distance from the gas-liquid 
interface to the top of the pipe. The term a(yhw) in the rhs represents a net upwards flux of 
droplets in the horizontal plane. Some authors neglect this term and consider that the droplet 
concentration is just affected by gravity forces and the droplets inertia (Pan and Hanratty (2002), 
Kjølaas et al. (2011), Skartlien et al. (2011)). If the turbulent diffusion, terminal velocity of 
droplets and location in the pipe are independent variables, the solution from equation (7.1) is: 
o hw
wC C exp( y )     (7.2) 
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In order to model the droplets concentration profiles it is required to estimate three parameters: 
The droplet settling velocity w, the droplet diffusivity ε and the interface concentration Co. The 
assumptions taken in the model are: 
- Equal diffusivities of gas and particles (small particles sizes). 
- For simultaneous oil and water flow the droplets do not interact between each other after 
atomization (Skartlien, 2011) 
- No effect of secondary flows on the cross sectional droplet distribution (1D approach) 
7.2 Droplet settling velocity “w” 
The droplet settling velocity is considered as the terminal velocity and can be obtained from a 
force balance on a single particle (Kjølaas et al, 2011) 
 l gd
T
D g
4d g cos( )
w u
3C
  

   (7.3) 
Where dd is the droplet diameter and CD is the drag coefficient. Kjølaas et al (2011) estimates the 
drag coefficient using the correlation proposed by (Clift et al., 1978) and together with particle 
Reynolds number, the terminal velocity can be calculated 
0.687
d
D
d
1 0.15 Re
C 24
Re
  g T dd
g
u d
Re

  (7.4) 
Similarly, Skartlien et al. (2011) calculate the terminal velocity from an iterative procedure using 
the drag coefficient equation developed by Rivkind et al. (1976) and the particle Reynolds 
number. In this case the approach from Kjølaas et al (2011) is followed. 
The droplet diameter is computed from the available experimental information. Kjølaas et al, 
(2011) tuned the droplet diameter to fit the experimental data. Skartlien et al. (2011) assumed 
that the droplet sizes follow a gamma distribution. Two parameters in the gamma distribution are 
tuned to fit the experimental data.  
Previous studies showed an improvement on the droplet concentration profiles prediction when 
the droplet diameter distribution is taken into account (See Skartlien et al. (2011) and Gawas 
(2013)). The main effect of considering the droplet size distribution in the pipe is to predict more 
accurately the droplet concentration distribution on the top of the pipe. From the transport point 
of view, most of the liquid entrained as droplets travel close to the gas-liquid interface where the 
droplet size distribution does not strongly affect the current model predictions. Nevertheless in 
the context of “top of line corrosion” (See Skartlien, (2011)), predicting accurately the droplet 
fluxes in the top of the pipe can be a major topic. Gawas (2013) show a comparison between the 
predictions of the droplet concentration profiles by the models from Skartlien et al. (2011), Pan 
and Hanratty (2002), Gawas (2013) and an experimental dataset. The liquid velocity and 
interface height of this experimental condition is unknown. However, a total entrained droplet 
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flux was obtained for each model and experiments by integrating them over a commonly 
assumed interface value (hw= 0.01 m). The relative error between the prediction and 
experimental total droplet flux are 8% (Qd= 0.0045 Kg/s), 11% (Qd= 0.0037 Kg/s) and 15% 
(Qd=0.0047 Kg/s) for the models of Gawas (2013), Skartlien et al. (2011) and Pan and Hanratty 
(2002) respectively.  
7.3 Turbulent Diffusivity “ε” 
The turbulent diffusivity can be estimated based on the normalized diffusivity in pipe flow 
(Vames and Hanratty, 1988). 
*R u
    (7.5) 
Where R is the pipe radius and u* is friction velocity in the gas zone. Kjølaas et al (2011) used 
the hydraulic diameter concept (Dhg/2) and Skartlien et al. (2011) used one half of the height of 
the gas volume from the interface to the top of the pipe instead of the pipe radius R ((D-zi)/2).  
The friction velocity can be estimated following Skartlien et al. (2011). In single phase pipe flow 
u* is defined as 
* w
g
u   (7.6) 
Where w  is the wall shear stress and ρg is the gas density. For stratified flow, the averaged 
momentum equation in the gas phase gives.  
w w i i g g
dPS S A 0g sin( )
dx
          (7.7) 
Where Sg and Si are the gas and interface perimeters respectively, τi is the interface stresses and 
Ag is the gas area. An average shear stress that takes into account the interface and wall 
perimeters replaces the wall shear stress in equation (Skartlien et al, (2011)).  
*
g
u

  (7.8) 
Blending the definition of the average perimeter stress and equation the momentum equation in 
the gas phase, the average shear stress is written as: 
g g i i g
g
g i g i
S S A dP gsin( )
S S S S dx
             (7.9) 
On previous studies, the value of ζ has been varied to fit the experimental data. Pan and Hanratty 
(2002) suggest a decrement of ζ with the increment of the pipe diameter. In their work values of 
ζ =0.08 and ζ =0.04 were used for fitting the data of pipe diameters of 0.05 m and 0.095 m 
respectively. Kjølaas et al (2011) fitted their experimental data using a value of ζ =0.026 for a 
0.189 m pipe diameter. Skartlien et al. (2011) did not adjust the value of ζ to fit their 
experimental data but adopted a value of ζ=0.074 (following Vames et al. (1988)). Pan and 
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Hanratty (2002) stated that ζ is not constant because the assumption of a(yn)=0.This coefficient 
represents a weak point of the model as it should be constantly changed depending on the desired 
operational conditions. 
 
Considering the modeling approach presented by Kjølaas et al (2011) and assuming a known 
value for the droplet concentration at the interface Co (obtained directly from the experimental 
data), the model was run and multiple feasible solutions were obtained. In the light of these 
results, a sensitivity analysis was performed using different droplet diameter values (from 2 m 
to 300 m) and for different normalized turbulent diffusion coefficients (from 0.02 to 0.08). It is 
possible to study how the variation of the droplet diameter and the dimensionless turbulent 
diffusivity affects the results from the predictions. The droplet concentration profiles were well 
predicted in all the cases independently of the initial values for the two adjusted variables ζ, dp. 
The quality of the fitting was tested by verifying the coefficient of determination (R2) of the 
fitting for each pair of ζ, dp. On Figure 7.1 a contour plot of the R2 for each pair of the adjusted 
variables is shown as an example for the cases of Usg=6.1 m/s, Usl=0.2 m/s, WC=0 and Usg=8.9 
m/s, Usl=0.2 m/s, WC=0. Similar results were observed when testing the model for the rest of 
the experimental data from this work and data from Tayebi et al. (2000) and Paras et al. (1991). 
Combinations of ζ and dp can give similar predictions illustrating that models with several 
parameters can give compensating errors when tuned to data. Given this observation, the 
suggested trend of the normalized diffusion coefficients with the pipe diameter from the work 
from Pan and Hanratty (2002) and Kjølaas et al (2011) might be just a coincidence given by the 
model and not a physical behavior of the data itself. 
 
   
Usg=6.1 m/s, Usl=0.2 m/s Usg=8.9 m/s, Usl=0.2 m/s  
Figure 7.1:Wellness of the predictions. Sensitivity analysis of the droplet diameter and ζ  
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To predict the turbulent diffusivity based on this simplified model, two main assumptions about 
the normalized diffusion coefficient and the droplet sizes should be made. In this case, the value 
ζ=0.074 used by Skartlien et al. (2011) and previously proposed by Vames and Hanratty (1988) 
is adopted. For predicting the droplet diameter in annular flows, different correlations are 
available in the literature. Pan and Hanratty (2002) proposed a model for the Sauter droplet 
diameter based on the theory from Tatterson et al. (1977) 
2
g g 32 32u d d 0.0091
D


         (7.10) 
Azzopardi (1985) reported an empirical correlation for the Sauter droplet diameter. This 
correlation was modified by Skartlien et al. (2011) by neglecting the term due to coalescence. 
32
0.58
d 15.4
We   (7.11) 
Where We is the Weber number and in this case is defined as 
2
l G
l
UWe ,
g
       (7.12) 
Where  is the gas liquid interfacial tension  
 
Al-Sarkhi et al. (2002) proposed a simplified correlation for the Sauter droplet diameter based on 
experimental data from different pipe diameters (0.0254 m and 0.0953 m) 
0.55 0.362
g sg 32 32U d d 0.154
D


           
(7.13) 
Gawas (2013) measured droplet diameter distribution in annular horizontal and inclined pipe 
flow with 0.15 m pipe diameter and compared his results with correlations from the literature 
finding that the correlation from Al-Sarkhi and Hanratty (2002) gives the closest prediction to 
the measured Sauter diameter from his experiments. In this study the droplet sizes were not 
measured. The three mentioned correlations for the droplet diameter were tested in the model 
and it was verified which of them gives the best fitting of the experimental data. On Figure 7.2 
the predictions are plotted against the distance from the gas liquid interface yhw. For the low 
viscosity cases, Pan and Hanratty (2002) correlation gives the best fitting to the data while for 
the case using the viscous oil, Al-Sarkhi and Hanratty (2002) correlation gives the closest 
prediction. 
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 Pan and Hanratty (2002) Modified Azzopardi (1985) Al-Sarkhi and Hanratty (2002)  
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Figure 7.2: Comparison of the model prediction using different correlations for droplet diameter 
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When three-phase flows (oil-water-gas) are flowing simultaneously, additional information 
about the third phase is required to model the oil and water droplet concentrations. The term 
φ=ε/w in equation (7.2) represents the shape of the droplets profile. If the normalized diffusion 
coefficient is considered constant, the term φ mainly depends on the droplet sizes (through the 
calculation of the terminal velocity).  
The log-plots with the experimental data presented in Chapter 6 showed similar shapes between 
the oil and water droplet concentration profiles for constant and low watercut values (up to 0.2). 
Considering the concentration at the interface known, the coefficient φo and φw is calculated 
using the correlation from Pan and Hanratty (2002) for the droplet diameter.  
On Figure 7.3 and Figure 7.4 the predicted profiles for water and oil are plotted against the 
location over the gas-liquid interface normalized by the pipe diameter are shown for Usl=0.2 
m/s, gas superficial velocities from 6.1 m/s and 8.9 m/s and watercut values 0.1 and 0.2 
respectively. The experimental data is also plotted (where circles and stars are the oil and water 
experimental data respectively). The predictions for the rest of the studied cases are shown in 
Appendix E. The fitting quality is expressed using again the coefficient of determination R2 as a 
reference. In general, good agreement is obtained between the predictions and experiments. 
The correlation of Al-Sarkhi and Hanratty (2002) gave better predictions for the case where the 
highest tested watercut value (0.8) and for all the cases where the Mixed oil (39 cP) were used as 
an oil phase. 
 
Usg = 6.1 m/s Usg=8.9 m/s 
Figure 7.3 Predicted oil and water concentration profiles using the correlation from Pan and Hanratty 
(2002) for the droplet diameter. WC=0.1 
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Usg = 6.1 m/s Usg=8.9 m/s 
  
Figure 7.4 Predicted oil and water concentration profiles using the correlation from Pan and Hanratty 
(2002) for the droplet diameter. WC=0.2. 
7.4 The interface concentration “Co” 
The interface concentration is a critical parameter of the profile model and when experimental 
data is available, the interface concentration is estimated as earlier, from the 
interpolation/extrapolation of the experimental concentration profiles to the specific interface 
location. This approach is valid for testing the predictions of the model to a current set of data. 
However it limits the model applicability range.  
An empirical correlation for predicting Co in gas-oil systems was built by Kjølaas et. al (2011). 
The correlation is dependent of the liquid volume fraction, gas density, liquid density, gas 
velocity, liquid film velocity and critical velocity. The correlation is part of the LedaFlow 
development so the shape of it is unknown. 
To predict the droplet concentration at the interface, Skartlien et al (2011) assumed that the 
deposition and entrainment fluxes balances at the interface so Co=RA/kD. This being valid for 
steady state conditions where the atomization rate RA is equal to the deposition rate RD (Paras and 
Karabelas, 1991). Here, kD is the deposition flux. Pan and Hanratty (2002) model the atomization 
rate based on a single phase “thin-film” entrainment correlation as 
 ' 2A G g L LF LFC
A
k U W W
R
P
 

  (7.14) 
Where WLF is the mass flow of liquid in the liquid layer, WLFC is the critical film flow to onset 
entrainment,  is the gas-liquid surface tension, ρL and ρg are the liquid and gas densities 
respectively, UG is the gas velocity, P is the pipe perimeter (Skartlien et al. (2011) used the 
interfacial perimeter Si instead of the pipe perimeter) and k’A is a proportionality factor k’A which 
has to be tuned to match the experimental data. Values for the proportionality factor k’A has been 
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proposed by Pan & Hanratty (2002) to be 3x10-6 for tuning air-water experimental data at low 
pressures and by Skartlien et al. (2011) to be 6x10-6 for tuning SF6-Exssol D80-water at high 
pressures. The requirement of data tuning inside the model weakens the proposed approach. 
The critical film flow to onset entrainment was calculated by Skartlien et al. (2011) using
LFC L c iW Re S 4 where Rec is the critical Reynolds number for the entrainment onset defined 
as (Hewitt et al. (1990)) 
g g
c
L L
Re exp 5.85 0.4249
 
 
     
 (7.15) 
For vertical annular flows, the rate of deposition kD can be considered constant and is 
approximated as (See Binder et al. (1992)) 
2
D
1k
2
  (7.16) 
Where the mean-square of the particle velocity fluctuation can be approximated to 2 *u 
(See Williams et al. (1996), Skartlien et al. (2011)). For horizontal flows both the gravity and 
turbulence contribute to the droplets deposition (Williams et al. (1996), Mols et al. (1998); Pan 
and Hanratty, (2002)). Williams et al. (1996) considered both effects and proposed a correlation 
for the droplets deposition rate in horizontal flows 
w 2
D
B
C 1k wcos
C 2
 
      (7.17) 
Where Cw is the concentration at the wall, =0 is the pipe bottom 
D hw
hw
B hw
0
w y1C exp( )dy
D hw 
      (7.18) 
The deposition rate requires a droplet sizes model (through the settling velocity term). This gives 
a dependence between the prediction of the interface concentration and the previously discussed 
constant φ=ε/w.  
The local concentration of oil and water at the pipe wall can be obtained by extrapolating the 
cross sectional data to the pipe wall for the 2D sampled cases or as it is considered a uniform 
distribution of droplets in the cross section Cw is obtained from the vertical profiles. An average 
deposition rate can be calculated as 
*w w
D
B B
C C1 1k u d wcos d
C 2 C


    
       (7.19) 
If the experimental data is available for validate the model, the concentration at the wall can be 
obtained from the experiments as shown in Figure 7.4. However if the model is used for 
predictions the calculation of the concentration at the interface needs to be solved in an implicit 
way. It is still required a good model for the droplet sizes and to select empirically the 
proportionality factor k’A. Under all this considerations the model is capable to give fairly good 
predictions of the droplet concentration profiles. However it is limited to the available 
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experimental data ranges. In the light of these results and limitations, a second approach is 
proposed. In this case an initial attempt of finding a unique fitted correlation for Co and φ and is 
presented in the following section. 
7.5 Correlation for Co and φ 
A new methodology is proposed to find correlations for the interface droplet concentration Co 
and the constant φ that fit the exponential droplet concentration profile of a set of experimental 
data. The main advantage of this approach is that the implementation is simple and it does not 
required either a model for the droplet sizes or to tune a specific k’A to each data set. Also gives 
more flexibility to improve the model and expand the applicable model ranges when new 
experimental data becomes available. The main drawback is that similar to the previous 
approach, the correlations are limited to the experimental range. The range of the correlations is 
also limited to a good selection of independent variables related to the fitted parameters. 
The correlations are built using genetic algorithms and the implementation is done based on 
binary trees and Prüfer encoding. The methodology and implementation is based on the work 
from Borregales, Capelleto, et al. (2014) and Borregales, Cappelletto, et al. (2014). An 
advantage of utilizing this methodology is that it allows finding a model or correlation regardless 
of the number of independent variables to be used and without having previous information on 
the data behavior. A simplified scheme of the methodology is presented in Figure 7.5 and  
Figure 7.6 . 
 
Figure 7.5: Steps required to build correlations using the methodology from Borregales et al. (2013) 
 
Figure 7.6: Summary of the genetic algorithm methodology for building correlations. 
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The experimental data has been described in this and previous Chapter and in the literature. The 
experimental data can be represented using the exponential model mentioned in equation (7.2). 
Two correlations are required to fit the theoretical model Co and φ. To analyze the dependence 
between variables, the available data from the literature on the liquid droplet concentration 
profiles was gathered together with the current experimental results. (40 two-phase flow 
experimental profiles at different conditions). Reference values for Co and φ for each individual 
experiment were obtained by fitting a curve with the shape o hwC C exp( y )    in Matlab. The 
effect of the physical variables and operational points (Usg, Usl, hw, ρl, ρg, D, g, g, l and) on 
the predicted Co and φ can be studied and trends of them could be found. However these 
variables can interact and a more appropriate way of foreseeing the effect of them is through 
non-dimensional numbers. In this case, the superficial liquid and gas Reynolds number and the 
liquid height based Weber number are adopted and defined below.  
l
sl
l
UslD
Re

  gsg
g
UsgD
Re

  
2
l G w
hw
U hWe    
The selected non-dimensional numbers have different magnitude orders so in order to facilitate 
the correlation building process the non-dimensional numbers were balanced as: 
sl
1
Re
10000
   sg2 Re100000   
hw
3
We
1000
   
The experimental data selected for the correlation is limited to the available high pressure 
experimental profiles (from Tayebi, (2000) and the current data sets for the lower oil viscosity) 
and the low pressure profiles (from Williams (1990) and Paras and Karabelas (1994)). Different 
gas densities, liquid phases, three pipe diameters and different flow velocities are included in this 
correlation and they are summarized in Table 7.1.  
 
Table 7.1: Summary of experimental conditions used in the correlations building process 
Number of experiments 40 
Liquid phase Water, Exxsol-D80 
Gas phase Air, SF6 
Gas density 1.2 Kg/m3 - 46.5 Kg/m3 
Diameter 0.0508 m, 0.0689m,0.0953 m, 0.1m 
Liquid density 813 Kg/m3-998 Kg/m3 
Liquid viscosity 0.001Pa s-0.0018 Pa s 
Surface tension 0.02-0.06 N/m 
Superficial gas velocity 3.35 m/s - 61.5 m/s 
Superficial liquid velocity 0.03 m/s-0.25 m/s 
 
The proposed methodology delivered the following expressions for the interface concentration 
Co and the constant φ.  
    30.3 31 10 2 3 3 3
1.6 0.2863
0.2 log 0.1098 exp
exp ln 0.0314
      
                   
(7.20) 
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 
  
30.9
1 2 13
o 1.6
3 1 3
10 0.05 1.5
C
exp 1.36 0.86 0.1216
  
  
    
    (7.21) 
Five examples of the predictions with the correlations are presented in Figure 7.7. To show their 
capabilities under different flow conditions and experimental setups it is shown: 1 set from the 
current experiments (Case 1,WC=0, Usg=7.3 m/s, Usl=0.2 m/s), 2 sets from Tayebi (Case 2, 
WC=0 and Case 3,WC=1, Usg=7 m/s, Usl=0.25 m/s, P=3.6 bar), one set from Williams (1990) 
(Case 4, WC=1, Usg=31 m/s, Usl=0.03 m/s, P=1 bar) and one set from Paras and Karabelas 
(1994) (Case 5, WC=1, Usg=31.6 m/s, Usl=0.06 m/s, P=1 bar). A good agreement is found 
between most of the experiments and predicted values. However the correlation performance for 
the data using the more viscous oil (39 cP) is not satisfactory and more work should be done to 
obtain a better function to fit this case.  
 
 
Figure 7.7: Predicted concentration profiles with Genetic algorithm correlations for Co and φ and 
comparison with fitted curves using Matlab 
 
The mean droplet concentration in the gas phase can be calculated from the gas liquid interface 
to the top of the pipe assuming a flat gas-liquid interface as 
 D 22
hw
g
2C R C( y )dyy R
A
     (7.22) 
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The performance of the correlations is presented as the comparison of the mean droplet 
concentration obtained from the fitting curve from Matlab and the predicted by the correlations 
for Co and φ. The 1D integration was performed numerically using the trapezoidal rule. Most of 
the predictions for the two-phase flow date are below 30% difference with the Matlab (Figure 
7.8). 
 
Figure 7.8: Comparison between mean droplet concentration predictions from correlation and Matlab 
fitting  
 
The presented correlations were developed for two-phase gas-liquid flows. However their extent 
and performance on the concentration profiles prediction for three-phase flows is unknown and 
for this reason it is tested below. Following the assumption proposed by Skartlien et al. (2011), 
the oil and water phases are considered as a mixture as they entrain into the gas phase. Once 
there, the oil and water droplets separate. The entrainment is considered to be controlled by the 
majority phase. Based on the experimental results presented in Chapter 6, the shapes of the oil 
and water profiles are very similar for a constant watercut value, especially close to the interface 
(φo= φw). In addition, the local watercut at the interface was observed to be similar than the input 
watercut. For these reasons the prediction of the water droplet concentration profiles is obtained 
from the oil droplet concentration profiles. The local watercut at the interface can be written in 
terms of the interfacial water and oil droplet concentrations as 
wint erface o,w w
int erface
wint erface oint erface o,w w o,o o
q C
WC WC
q q C C

      (7.23) 
Where Co,w and Co,o are the water and oil droplet concentrations at the interface respectively. The 
water concentration can be calculated from the expression above as 
w
o,w o,o
o
WCC C
1 WC


          (7.24) 
In Figure 7.9, the predicted profiles for simultaneous oil and water droplet concentrations are 
shown for Exxsol D80-water-SF6 at 4.7 bar, Usl=0.2 m/s, Usg=8.9 m/s and different watercut 
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values. On the plot the circles and stars symbols represent the oil and water concentrations 
respectively. There is a good agreement between the experiments and the predictions. 
Comparisons between predictions and experiments for the rest of the experimental data from this 
work are shown in Appendix E. Even though the oil correlation was not designed to predict 
three-phase flows it gives a good performance against the tested data from this work. The 
correlations were also tested against the data from Skartlien et al. (2011) and for most of the 
cases under predict the concentration profiles. However it gives the correct order of magnitude 
of the predicted Co. The effect of the watercut seems to be well described by the use of equation 
(7.24). 
 
Figure 7.9: Predicted concentration profiles obtained with the Genetic algorithm correlations for Co and λ 
(Exxsol D80-water-SF6 at 4.7 bar, Usl=0.2 m/s, Usg=8.9 m/s, D=0.069 m) 
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7.6 Summary 
The current state of the models available in the literature for the prediction of droplet 
concentration profiles is reviewed. The models depend on tuning the proportionality factor k’A 
and on having a good correlation for the prediction of the droplet diameter. In contradiction with 
previous studies, it was not found any trend of the normalized diffusivity value with the current 
pipe diameter. However it was noted that fairly good predictions were obtained when using a 
normalized pipe diffusivity of ζ=0.074 and the droplet diameter correlation from Pan and 
Hanratty (2002). 
Genetic algorithms were applied to obtain correlations for the interface concentration and the 
constant φ. These correlations are expressed in terms of three non-dimensional parameters 
including the effects of the physical fluid properties and operational conditions. The correlations 
give a fairly good prediction for all the tested experimental data at low liquid viscosities but fails 
on the case of 39cP oil viscosity. The use of the obtained two-phase flow correlations is 
extended to the three-phase flows cases where the oil droplets concentration profiles are 
predicted by the correlation and the water droplet concentration profiles are predicted by the 
interfacial watercut and the oil interfacial concentration. This methodology allows for improving 
the correlations for Co and φ while more experimental data is gathered. The correlations might be 
improved in the future by using different non-dimensional numbers to the chosen in this study. 
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8 Chapter 8 
Development of a two energy 5 beams gamma 
densitometer  
 
 
 
8.1 Introduction 
The main objective of this study is to develop a two-energy multiple beam gamma densitometer. 
The instrument is designed to obtain cross-sectional measurements of the phase fractions, 
capture transient flow conditions and for three-phase flow measurements (oil, water and gas) in 
acrylic pipes. This is an ongoing project lately developed together with the PhD student Mariana 
Diaz and Halvor Haukvik. This work is done in cooperation with SINTEF Petroleum Research 
and FACE and as the continuation of the work from Plasencia (2013). 
8.2 Previous work 
Plasencia (2013) studied the feasibility of using Americium (Am241) and Barium (Ba133) as 
gamma sources for the densitometer. In his work, a summary of the global pros and cons related 
to each source is shown (See Table 8.1). Tests using an existent Am241 and Ba133 source were 
performed using different pipe sizes and fluids and possible CdTe detectors from Eurorad. Due 
to the higher counting rate and resolution seen from the obtained spectrograms the CdTe 
5x5x2mm3 detector model S.5.5.2.U was decided to be used on the instrument. The detector is 
mounted in an aluminum casing with a BNC connector and tested with a PR16-H charge 
sensitive preamplifier. 
Two possible source-detector configurations were suggested in his work. The first one is 
considering one collimated source and 8 collimated detectors. The main limitation of this 
configuration is the required source activity due to the distance between the sources and 
detectors. The second suggested configuration is 8 sources and 8 detectors. In this option special 
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care should be taken when designing the collimators in order to avoid gamma rays from a 
neighbor source.  
 
Table 8.1:Pros and cons chart for Americium (Am241) and Barium (Ba133) from Plasencia (2013). 
Source Advantages Disadvantages 
Barium 
(Ba133) 
Higher energy levels (≈ 400 keV, better 
penetration) 
Shorter lifetime (10 years) 
Higher cost (≈ 7300€ each) 
Thicker shielding 
Americium 
(Am241) 
Longer lifetime (432 years) 
Lower cost (≈ 3600€ each) 
Lower energy level peaks (18 and 60 keV) 
Up to 11 Gbq 
Lower energy levels (≈ 100 keV, bad 
penetration) 
8.3 Gamma source selection 
There are two important aspects to take into account when selecting the gamma source. One of 
the challenges is the liquid-liquid discrimination and low gamma ray energies are preferred to 
achieve this task. The second one is a high sampling speed to capture transient flows. The 
spectrograms from Plasencia (2013) were integrated over their respective energy windows and 
the total counting rates were compared for Am241 and Ba133. (See Table 8.2 and Table 8.3). 
Am241 provides with higher counting rates than Ba133 for all energy levels. The counting rates of 
Am241 are high enough to get a high sampling speed in contrary to Ba133. The oil-water contrast 
seems to be better for Ba133 than for Am241. Limitations on the use of Am241 for three-phase flow 
applications have been discussed in Chapter 2.  
The number of sources will be limited to the minimum size of the pipe it is planned to be used. 
Even though the instrument is designed for pipes up to 90 mm ID, it will be used mostly in 60 
mm ID. For this reason and due to the source and detector dimensions it was decided to reduce 
the number of sources to 5. Am241, 3.7 GBq sources (Eckert and Ziegel. Model: 
AM132330100M) were requested from Gammadata. A scheme of the selected source is shown 
in Figure 8.1. 
 
Table 8.2:Summary of the integrated values from Spectrum. Am241 
Energy 
Level  
ID60-
Air 
ID60-
Oil 
ID60-
Water 
ID90-
Air 
ID90-
Oil 
ID90-
Water 
Empty 
Pipe 
18 keV 
Total counting 
(counts/s) 51307 19627 12529 50204 13673 11509 80085 
Fluid/Empty 0.64 0.25 0.16 0.63 0.17 0.14 1.00 
60 keV 
Total counting 
(counts/s) 358865 187226 150347 358384 135044 102457 405397 
Fluid/Empty 0.89 0.46 0.37 0.88 0.33 0.25 1.00 
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Table 8.3:Summary of the integrated values from Spectrum. Ba 133 
Energy 
 Level  
ID60-
Air 
ID60-
Oil 
ID60-
Water 
ID90-
Air 
ID90-
Oil 
ID90-
Water 
Empty 
Pipe 
31 keV 
Total 
counting 
(counts/s) 
9867 3497 1932 9670 2064 894 13118 
Fluid/Empty 0.75 0.27 0.15 0.74 0.16 0.07 1.00 
81 keV 
Total 
counting 
(counts/s) 
3256 1511 1249 3285 1021 821 3877 
Fluid/Empty 0.84 0.39 0.32 0.85 0.26 0.21 1.00 
 
 
Figure 8.1: Am241 source with beryllium window for Gammadata (Eckert and Ziegler, 2006) 
8.4 General design  
The five sources and detectors are arranged in the configuration shown in Figure 8.2. The 
detectors are connected to their respective pre-amplifiers and energized by a high power supply 
unit. Each of the preamplifiers is connected to a spectroscopy amplifier and from there to a 
computer with multichannel analyzer software. The sources, detectors and preamplifiers should 
move as a unit inside holders and they should have the capability to rotate around the pipe or 
traverse it linearly.  
 
Figure 8.2: Simplified scheme of the gamma densitometer 
 
Different mechanical parts needed to be designed and built: Gamma sources holder, detectors 
holder and collimation unit, rotary and linear movement mechanisms and additional safety 
mechanisms. A picture of the instrument showing the main parts is shown in Figure 8.3 and 
Sources SourcesDetectorsDetectors
Pipe
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details about them are given in the following sections. All the main parts of the gamma are built 
in an independent way in order to accommodate future modifications, if desired. The source 
holder is the only part of the instrument that does not allow major changes in order to ensure the 
integrity of the radiation container. Most of the mechanical parts of the instrument were built in 
stainless steel due to its attenuation coefficient and corrosion resistance. 
 
 
 
Figure 8.3: Main parts of the gamma densitometer 
8.5 Sources holder and main safety mechanisms 
The sources holder is the unit where the sources are stored and where the first and second safety 
mechanisms are located. Two holders were designed, one for each side of the instrument. The 
sources where safely installed inside the holders at the Institute for energy Technology (IFE) and 
they are shielded following the Norwegian law regulations for handling radiation. The shielding 
calculations are detailed in Appendix F. The holder is made in stainless steel needing a minimum 
material distance of 5.82 mm from the source to the outside. A lead 1.1 mm thick ring 
surrounding each source together with a 1 mm thick lead disc on the back of them give extra 
shielding to the holder. Each source has independent access given by a stainless steel 11 mm 
long screw. The screws were sealed by using glue to avoid opening them (it is still possible to 
open them in the future, if desired). As a safety measure, a plate is located covering the sources 
screws. In the source holder there are cavities where the detectors assembly is supported. The 
sources are located behind these cavities. It might occur that radiation from these sources is 
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detected from the back side of the detectors assembly. This should be tested in the future. 
However in case of back-reading there is available space to add a lead cover to provide extra 
shielding. A 3D representation of the source holder (for the 3 sources side) is shown in Figure 
8.4. The detailed mechanical drawings of the source holder and it parts are shown in Appendix G 
 
Figure 8.4: Source holder 3D representation (3 sources) 
 
The source holder should be safely shielded when is not in operation. For this reason, two 
independent barriers safety mechanisms were designed. The first safety barrier is manually 
closing and works as a gate. This gate allow to shut down the instrument when is not in use. 
Each source has an independent gate. The mechanism consists of a tungsten heavy alloy rod 
connected to a bar. When the mechanism is open a cylindrical 2.2 mm channel traversing the 
tungsten pin is aligned to the collimators allowing the radiation to go out. A screw should be 
removed to allow pulling up the bar and the tungsten pin. When the source holder is connected to 
the detector holder (as in normal operation), the first safety barrier is kept open by the action of a 
spring.  
The second safety mechanism is normally closed by the action of a spring that pushes down a 
small tungsten heavy alloy pin. Similar to the first safety mechanism the pin has a small 
cylindrical 2.2 mm diameter hole to allow the radiation out. The barrier opens when the source 
holder is located, during operation, over the base plate which is equipped with three or two small 
pins (depending on the side of the instrument) that push the tungsten rods up. A sketch of the 
source holder safety mechanisms is shown in Figure 8.5. 
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Figure 8.5: Details of parts in sources holder (Showing the configuration for one source and open safety 
mechanisms) 
 
The two safety mechanisms have four possible operational configurations (See Figure 8.7). Two 
views of the source holder are presented in Figure 8.7 from the sections shown in Figure 8.6. In 
all the configurations the material in the source holder is enough to keep the radiation dose under 
the maximum allowed by the Norwegian law. 
 
Figure 8.6: Sections on the source holder 
 
The radiation dose was measured at IFE before shipping the instrument to the NTNU. 
Instantaneous readings of the radiation with the two safety mechanisms closed at the wall in 
front of sources open area was less than 2 Sv/h. On the same location and with one of the safety 
mechanisms open the obtained readings were 5 Sv/h. The efficiency of the safety mechanisms 
was tested by tests conducted at IFE and by the NTNU HSE division (See NTNU HSE division 
(2014)) 
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8.6 Detectors holder and collimation unit 
The instrument has two detector holders, one in each side of it. This part is attached to the source 
holder by the connector rod in the safety mechanism, as explained earlier. The main purpose of 
this part is to provide support and proper alignment of the detectors with it correspondent source 
in front and to allocate the collimators of the sources at the back. The collimators are used in the 
instrument for different reasons: To define the direction of the gamma rays from each source, to 
limit the region to be measured and the region to be seen by each detector and to prevent gamma 
rays from neighboring sources to be seen by the detector. The detector holder dimensions will be 
limited by the length of the detectors and also by the required size of the collimators. A plate is 
located in the front of the holder where the detectors collimators are placed. A 3D representation 
of the detectors holder (for the 3 sources side) is shown in Figure 8.8 together with a simplified 
detector-preamplifier assembly. The detailed mechanical drawings of these parts are shown in 
Appendix G. 
 
Figure 8.8: (a) Detectors holder and collimation unit (b) Detector-preamplifier assembly 
 
The sources are collimated by 70 mm long cylindrical channels of 2.2 mm of diameter. In front 
of the detectors a small plate is attached including 5.5 mm long cylindrical collimators of 8.5 
mm of diameter. The total attenuated photon flux with an empty pipe was estimated to be 
36878.52 counts/s and 192963.45 counts/s for 13.9 KeV and 59.5 KeV respectively. 
8.7 Rotary and linear movement mechanism 
A rotary mechanism was designed to allow the instrument to freely rotate around the pipe. Every 
5°, fixed locations are available to fix the densitometer. The linear movement is adjusted by 
sliding the instrument using a pair of linear bearings. A rack and pinion system is used to 
precisely locate the instrument at the desired position. A modified digital caliper is attached to 
the moving linear mechanism to know exactly the position of the instrument. Attached to the 
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linear bearings a base plate is located were the holders and rest of the parts will be placed. A 3D 
representation of the rotary and linear mechanism is shown in Figure 8.9. The detailed 
mechanical drawings of these two mechanisms are shown in Appendix G. 
 
Figure 8.9: Rotary and linear movement mechanism 
8.8 Electronic system 
The gamma rays from the sources are received by the CdTe detectors at the opposite side of the 
instrument. At the detector, the gamma ray photons interact with the material. A high voltage 
supply is required to give the electric field to collect the charge produced by the interaction 
between the gamma ray and the detector. The Canberra 3106D power supply was selected for 
this application as is specially designed for operation with semiconductor detectors requiring up 
to 6 kV bias and up to 300 A of current. 
The output from the detector is then an amount of energy proportional to the absorbed amount of 
gamma ray energy by the detector (Gilmore (2008)). The preamplifier connected to the detector 
collects the produced energy and supplies it to the amplifier. Different types of preamplifiers are 
available. However, as the detectors are high-resolution ones, the selected preamplifiers are 
charge sensitive type (PR-16 from Eurorad). The detector and preamplifier are connected as 
close as they can be in the fixture. This maximizes the signal-to-noise ratio of the output pulse 
and preserves the gamma ray energy information (Parker (1991)). 
The pulses leaving the preamplifier are sent to the amplifier. The main function of the amplifier 
is to shape the pulse and convert it into a suitable signal for the pulse-height analysis 
instrumentation afterwards. This is done by filtering the signal electronically. One spectroscopy 
amplifier is required for each detector in the system. For this instrument a Canberra amplifier 
model 2022 was selected. 
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The amplified pulses are sent now to a multichannel analyzer. This analyzer comprises a 
digitizer (Spectrum model M2I.3122-EXP 12 bit) and a PC with analysis software which will be 
designed by SINTEF Petroleum Research. 
8.9 Further work 
The design, building and assembly of the new gamma densitometer parts is finished. All the 
electronic parts are in place and the following activities comprises the development of the 
analysis software by SINTEF Petroleum Research and the testing stage in the Multiphase flow 
lab at NTNU. The design of the collimators and efficiency of the process should be evaluated 
during this experimental campaign. This work will be continued by a PhD student and a Post 
Doc from the multiphase flow group at NTNU. 
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9 Chapter 9 
Experiments on gas flow with wet pipe walls 
This chapter was partially published in the 9th North American Conference on Multiphase flow. BHR Group 
 
 
 
Measurements of the pressure drop and liquid hold up in a gas flow with wet walls were carried out 
in a vertical pipe at NTNU Multiphase Flow Laboratory. The experiments were performed as a 
flushing process, where an initial liquid film becomes thinner with time as it is removed by gas flow. 
Quick closing valves were used to measure the liquid holdup in the vertical section. Two data sets 
using Air-Water and Air-Mineral oil were obtained. A significant increase in pressure drop with 
small amounts of the liquid holdup was observed. Pressure gradient and holdup behavior were 
reproduced quite well by commercial flow simulators but the flushing time showed discrepancies. 
9.1 Introduction 
Annular flow is a common flow pattern found in many industrial applications. This type of flow 
occurs at high gas and low liquid velocities. The liquid is transported as a film on the walls and 
as droplets entrained in the gas phase (Hanratty (1991)).The entrained droplet field in the gas 
core of separated gas-liquid flows in pipelines affects the flow in two ways: the droplet field 
provides efficient liquid transport and the droplets can deposit on the wall and enhance the wall 
friction and pressure drop. For horizontal flows, stratification of the liquid occurs due to gravity, 
the flow symmetry disappears and the film thickness is larger on the bottom than on the top 
making the analysis difficult (Chupin (2003)). For this reason in this study a vertical pipe 
configuration was used. 
To predict the phase distribution in a pipe, the mass and force balance on the film and the gas 
core should be written and an estimation of the interfacial shear-stress is needed (Belt et al. 
(2009)). This estimation is given in terms of the interfacial friction factor fi, the gas density and 
velocity. For the estimation of fi, several correlations have been proposed in the literature (See 
Wallis (1969); Henstock et al. (1976), Belt et al. (2009), L. B. Fore et al. (2000), Asali et al. 
(1985)) Most of them are modifications of the Wallis correlation (1969) which treats the liquid 
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film as a wall roughness. The modifications to this correlation are mainly done to fit a certain 
experimental data set. Pressure drop and film thickness are parameters of interest when 
developing interfacial friction factor correlations. 
The principal objective of this study is to provide new experimental data on pressure drop and 
holdup values for low liquid flows and evaluate the predictions from flow simulators as 
LedaFlow® V1.4 and OLGA® 7.1 under film thinning experimental conditions. 
9.2 Experimental conditions 
Several tests were made in order to find appropriate experimental conditions. Two different 
experimental procedures were used in each case as the required oil flow rate was too small for 
the pump to operate. When using water as the liquid phase, the initial liquid film was 
established, in steady two-phase flows. The flow in each test was then observed visually in the 
acrylic pipe section as the film was drained by the gas flow.  
In the case of oil, the film tests were done by introducing oil at a specified liquid valve opening 
for different amounts of time, and then the following film thinning process was observed in the 
acrylic pipe section. The air flow rate was selected to be the same as in the water case.  The oil 
valve was kept open for 30 seconds and shut down afterwards. Air was injected at a constant rate 
from this moment and a uniform film was created after 2 minutes. 
9.2.1 Experimental procedure 
A Lab-view program was developed to control the different start up procedures. At a given time, 
a test section was closed with quick closing valves at each end. When closing the valves on each 
side of the test section, the air supply was closed 500 ms in advance, in order to avoid an 
upstream pressure build-up. The quick closing valves could also be opened and closed 
individually. 
9.2.1.1 Water case procedure 
Air and water was introduced simultaneously at Usg=37.3 m/s and Usw=0.006 m/s and run for 
10 min in order to reach two-phase flow steady-state conditions (constant pressure gradient on 
the test section). The logging started and after 30 seconds the liquid supply was shut off and the 
dry-up process was initiated. At specific times, the air flow was shut down and the quick closing 
valves were simultaneously closed. The liquid holdup was measured by dividing the measured 
liquid volume in the test section to the total test section volume. Pressure drop was recorded 
from the logging files at the desired shutting time. (See Figure 9.1) Air was run for several 
minutes in order to clean the complete setup after each measurement. 
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Figure 9.1:Description of the water experiments and repeatability of flow conditions for different shutting 
times 
9.2.1.2 Oil case procedure 
The procedure for the oil experiments was different than the water case due to limitations on the 
oil pump operational range. No steady two-phase flow was present at the start of the dry-up 
process. A small oil volume was introduced into the horizontal section by setting the oil valve 
opening to 18% and closing it again after 30 seconds. Then the film thinning process was started 
by increasing the air velocity to Usg=37.3 m/s Time was measured from the instant at which the 
desired air flow rate was reached and a constant pressure drop value was obtained. The method 
was tested by repeating the mentioned procedure different times. An example of two oil-air runs 
is shown in Figure 9.2 to describe the repeatability.  
 
Figure 9.2: Repeatability of method used for Oil-Air experiments. 
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At specific times from the initial time (where the starting pressure drop was obtained) the air 
flow was shut down and the quick closing valves were simultaneously closed. From this point 
the remaining water experimental procedure was followed.  
9.3 Results 
Flow visualization of the dry-up process was done for each experiment through the acrylic pipe 
section (located on the top of the test section). The film breaking-down time was estimated by 
visual inspection on this clear section. The experiments started from a concurrent upwards 
annular flow. For the water case, the liquid film appears to be uniformly and covering the entire 
pipe. When the water source was shut down and air was kept constant, the film thinning started 
and for 75 seconds the flow regime was still annular flow. After this time the film breaks down 
and the pipe is partially covered by the film and ripples traveling upwards. At later times large 
single droplets move along the pipe wall. At 360 seconds the pipe was completely dry (See 
Figure 9.3). This behavior was similar to the one previously reported in (Chupin (2003)). 
10 seconds 120 seconds 180 second 360 seconds 
    
Figure 9.3: Selected times for Water-Air dry-up process visualization 
 
For the oil case, the liquid film was initially observed to be equally distributed around the pipe. 
When the thinning process has started, the wave and film thickness are reduced. In this case no 
rivulet flow was observed as the film thins gradually. At later times (around 1300 seconds) a 
non-symmetrical thin film covered the pipe wall. Single-phase conditions could not be reached 
even after 30 min after the drying process has started (See Figure 9.4). Using the mineral oil 
which is sixty times more viscous than water the dry-up process takes considerable longer time. 
120 seconds 360 seconds 600 seconds 1800 seconds 
    
Figure 9.4: Selected times for Oil-Air dry-up process visualization 
 
The pressure gradient and holdup measured during the drying experiments is shown in Figure 
9.5a-b for the water case and on Figure 9.5c-d for the oil case. For the water case the pressure 
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gradient and the liquid holdup drop rapidly until reaching the value correspondent to the single 
phase. For water as liquid phase, the pressure gradient drops slightly under the single phase 
value. However, this is considered to be within the measurement accuracy. On the oil-air case 
the pressure gradient and holdup decrease smoother than in the water case. 
(a) (b) 
  
(c) (d) 
Figure 9.5 Pressure gradient and liquid holdup for the drying experiments. (a),(b)Air-Water. (c),(d) Air-
Oil 
 
In this study the film thickness was not measured. An average film thickness was calculated 
using the measured liquid holdup, assuming a uniform film distribution on the pipe wall and 
neglecting the liquid droplets. (  22 2lH A / A ( R ) / RR h    , (See Figure 9.6). This 
assumption is only valid for the cases before the film breakdown. 
 
0 50 100 150 200 250 300 350 400
250
300
350
400
450
time [s]
dp
/d
x [
Pa
/m
]
 
 
Two−phase
dry gas
Film Breakdown
0 50 100 150 200 250 300 350 400
0
0.001
0.002
0.003
0.004
0.005
0.006
0.007
0.008
0.009
0.01
time [s]
H
ol
du
p 
[−
]
Film
Breakdown
0 500 1000 1500 2000
250
300
350
400
450
time [s]
dp
/d
x [
Pa
/m
]
 
 
two−phase
dry gas
Film
Breakdown
0 500 1000 1500 2000
0
0.001
0.002
0.003
0.004
0.005
0.006
0.007
0.008
0.009
0.01
time [s]
H
ol
du
p 
[−
]
Film
Breakdown
Chapter 9: Experiments on gas flow with wet pipe walls 
110 
 
Figure 9.6: Thickness calculation, uniform liquid film distribution 
 h R 1 1 H    (9.1) 
Where R is the pipe radius and H is the liquid holdup. The film thicknesses for the water and oil 
experiments are between 42m and 133 m and 29m and 112 m respectively. Below this 
point the film has broken down and the uniform film distribution assumption is not valid (See 
Figure 9.7). 
 
Figure 9.7: Average film thickness for both experimental setup 
 
For vertical annular flow a correlation for the interfacial friction factor was proposed by Wallis 
(1969) 
 f i hC 0.005 1 300 D       (9.2) 
The interfacial shear stress in annular flow is defined by (See Fore 2000) 
  2f g gi
i
C U
2
   (9.3) 
Assuming no droplet entrainment conditions, the pressure gradient can be obtained by 
simplifying the momentum balance of the gas core presented by Fore et al. (1995) 
i
g
4dp g
dz D 2h
     (9.4) 
A comparison between the pressure gradient and the film height for both experimental setups is 
shown together in Figure 9.8. The pressure gradient increases sharply with small increments on 
the film height for both studied cases. For low holdup ranges both experimental data sets gives 
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approximately the same pressure gradient values even though the oil viscosity it is considerably 
larger than water viscosity. At larger holdup values the difference between oil and water pressure 
gradient increases. However this is not conclusive as there is just one point on high holdup for 
the oil case and must be checked in further work.  
 
 
Figure 9.8 Relation between the pressure gradient and film thickness for both experimental setups 
9.4 Comparisons with commercial flow simulators 
Simulations in LedaFlow® v1.4 and OLGA® 7 were carried out using the same geometry, fluid 
properties (.tab file), and boundary conditions. The buffer tank was modeled as an equivalent 
pipe with the diameter 0.2 m and length of 8.125 m. Pressure in the outlet was kept atmospheric 
pressure. Temperature of the flow environment was the indoor at about 20C. 
Similar to the experiments, the procedure for the water case was different from the oil case. 
When having water as a liquid film, air and water were injected together, creating a steady two-
phase flow. This flow was kept running for 600 seconds to make sure that steady state conditions 
were reached. Then the dry-up process was initiated by shutting off the liquid source. The 
predicted steady state pressure gradient using the experimental water flow rate is lower than the 
measured one for LedaFlow® V1.4. For this reason, the simulated water flow rate was set to a 
higher value for both simulations ( wm
 =0.056 Kg/s). This modifies the initial condition for the 
simulation (pressure drop, holdup values) but not the dry-up process itself which is the main 
point of interest in this study. (See Figure 9.9).  
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Figure 9.9: Sensibility to the water inlet mass flow rate 
 
When having oil as a liquid film, the oil was injected for 30 seconds and at that time air flow 
started. For both water and oil cases, the simulations were run for 9000 seconds to reach either 
fully dry condition on the pipe or single phase gas flow. Particular attention has been given to the 
flow direction for both simulated cases and it was always verified that gas and liquid were 
flowing upwards and concurrent. 
The holdup and pressure gradient predictions in LedaFlow® V1.4 and OLGA® 7 are shown in 
Figure 9.10. For the oil case, both simulators do not fully dry up the pipe before achieving gas 
single-phase conditions and for the water case OLGA® 7 repeat the same behavior. The pressure 
drop will keep constant from this point until the liquid holdup is finally zero up at 4000 seconds 
for the oil case and at 1500 seconds for the water case in OLGA® 7. The transition between two-
phase flow with very low holdup and single phase flow is done as a jump in OLGA® 7 while it is 
smoother in LedaFlow® V1.4.This transition is correspondent with the occurrence of the 
experimental film breakdown and from this moment annular flow models are not applicable 
anymore. In general both simulators gives a fairly good prediction of the pressure drop and 
holdup for the oil case but over predicts the pressure drop for the water case. The film thinning 
behavior is represented by both simulators. However, in comparison to the experiments, the 
liquid flushing occurs very rapidly in LedaFlow® v1.4 and very slow in OLGA®7. For the water 
case and for low liquid holdups, both simulators under predict the pressure gradient and over 
predict it for the higher holdup values. For the oil case, both flow simulators over predict the 
pressure gradient.  
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(a)Water-Air case 
 
 
(b) Oil-Air case 
Figure 9.10: Holdup and pressure gradient predictions in LedaFlow® V1.4 and OLGA® 7. (a) water-air 
case, (b) oil-air case 
 
A sensitivity analysis was carried out to see the effect of the gas velocity (See Figure 9.11). For 
the tested configuration and flow conditions, the gas velocity is the parameter which influences 
the most on the film thinning process. The liquid viscosity, affects the transition between the 
film breakdown-annular and annular-annular mist flow and the flushing rate. These regions are 
observed on the OLGA® 7 plots for both oil and water cases.  
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OLGA® 7 LedaFlow® v1.4 
Figure 9.11: Sensibility analysis to the gas velocity for oil and water cases. 
9.5 Summary 
A study of pressure drop and holdup evolution in gas flow with wet walls has been carried out. 
This has been done by using an experimental setup in a vertical pipe to achieve symmetry. Two 
experimental data sets were obtained using water- air and a mineral viscous oil-air. 
The pressure drop is very sensitive to small changes in the liquid holdup. The slope of this 
relation does not vary significantly with the liquid viscosity for low holdup values while for 
larger values in presence of droplets this difference grows. 
The cases were simulated in the multiphase flow simulators OLGA 7.1 and LedaFlow V1.4. The 
pressure and holdup predictions for oil-air are reasonably well for the oil case. However the 
flushing time predictions are not accurate in comparison with the experimental cases and these 
results should be used with caution when using either flow simulators for this purpose. 
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10 Chapter 10 
Conclusions 
 
This thesis reports the experimental work on gas-oil-water flow with focus on droplet entrainment 
measurements and on instrumentation development for three-phase flows. Experiments in two-
phase and three-phase flow were conducted in two laboratories. The main contributions and 
conclusions from this work are described below. 
 
New instrumentation was developed to measure the droplet fluxes in the gas core of separated 
flows. The system consists of an isokinetic sampling probe to measure liquid droplet fluxes and 
the gas mass flow. The isokinetic condition sampling conditions are adjusted automatically and 
the effect on the sampling of possible pressure fluctuations in the pipe flow is avoided. The probe 
can traverse the whole pipe cross section. CFD studies of the probe were made to optimize and 
asses the design and installation. 
 
Sampling of simultaneous oil and water droplets and gas were performed for 19 flow conditions 
and local droplet fluxes and gas velocities were obtained along the vertical diameter (1D) and 
over the gas cross section (2D). A methodology for the integration of the measured variables on 
the pipe cross section was presented and implemented. Non uniform droplet distribution in the 
pipe cross section was observed in all the tested experimental cases for two-phase or three-phase 
flows. The total entrainment fraction was calculated using two approaches: A 1D and 2D profile 
integration. The 1D approach yields, in general, larger fractions than the 2D. The maximum 
relative difference was 43% corresponding to the highest gas velocity. 
 
The existence of secondary flows was detected by inspection of the gas velocity profiles plots for 
the tested flow conditions. The addition of water as a second liquid phase modifies the distribution 
of droplets flux in the gas region due to a modification of the secondary flows in the gas core. 
However, for the current experiments, the addition of water does not have a significant effect on 
the total entrainment fraction. The local watercut value close to the gas-liquid interface is similar 
to the input watercut. In the three-phase flow experiments it was found that the water droplet 
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concentration profile can be estimated by multiplying the oil droplet concentration profile by the 
interfacial watercut. 
 
The calculation of the total entrainment fraction is very sensitive to the definition of the position 
of the gas-liquid interface. A variation of the interface height of 20% gives in average, a variation 
of 40% in the total entrainment fraction. It is therefore recommended to use a consistent 
methodology to define the interface for a given set of experiments.  
 
A comparison of the droplet concentration profiles was carried out between the current 
experimental data set, data from the literature and an exponential model from the literature. A 
sensitivity analysis showed that it is possible to obtain a good prediction by using multiple 
combinations of two key input parameters to the model (Normalized diffusivity and droplet 
diameter). This multiplicity in solutions hints that the trend suggested in the literature for the 
normalized diffusion coefficients versus the pipe diameter might not be strictly physical but just a 
coincidence. 
 
Two empirical correlations for the input variables of the exponential model were developed by 
using a genetic-algorithms-based methodology. The correlations were developed using all 
available two-phase flow data from the literature and the current experimental data set. The input 
variables are the droplet interface concentration and the decay rate and are expressed in terms of 
non-dimensional numbers.  
 
The characteristics of separated gas-liquid flows were studied using a dense gas, high and low 
viscosity oil or water for 40 flow conditions. The phase distribution and pressure gradient were 
measured using gamma densitometry and pressure transducers. The existence of droplets was 
observed by using high speed video recordings. An algorithm and a methodology were developed 
and implemented to solve three-phase volume fractions using the available gamma sources on the 
existing traversing gamma densitometer. 
 
For two-phase gas-liquid flows using a viscous oil (90 cP), the onset of entrainment occurs at a 
lower gas velocities than for a water-gas system.  
 
The observed droplet entrainment and pressure gradient decrease significantly when adding water 
as a second liquid phase to a two-phase high viscous oil and gas system. This behavior was not 
observed for low viscosity systems and more experiments should be carried out in the future to 
confirm this behavior. 
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For two-phase gas-liquid flow using a viscous oil (90 cP), the onset of entrainment occurs at a 
lower gas velocities than for a water-gas system. The droplet entrainment and pressure gradient 
decreases significantly, for systems using high viscous oil, when adding water as a third phase.  
 
An experimental setup was built using a vertical pipe to study the pressure gradient in gas flows 
with wet pipe walls. The two-phase experiments were carried out using air and two liquids: a 
viscous oil (60 cP) and water. The pressure gradient increases with the liquid film thickness. The 
flushing time for the viscous oil is very long in comparison with the water case (approximately 
eight times longer). Models from the literature for the pressure gradient versus the film thickness 
were compared against the current experiments showing a good agreement between them. 
 
A new two-energy five beams gamma densitometer was designed and built. The instrument can 
measure three-phase flow fractions. The densitometer can rotate so cross sectional measurements 
can be performed. Even though the instrument is ready to use, the first calibration experiments are 
not part of this work due to time limitations and this work is followed up by a PhD student and a 
Post Doc at NTNU.  
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Apendix A-Uncertainty calculations 
 
Error in the pressure gradient calculation 
The pressure gradient is calculated from the measurement of six pressure cells that are installed 
along the loop (at 99D, 430D, 633D, 865D, 1071D and 1274D). Each differential pressure 
transducer is connected between a pressure tap on the pipe wall and a reference line. The local 
absolute pressure is calculated by adding the measured differential pressure to the absolute 
reference pressure. The pressure gradient was calculated by the estimated slope in the regression 
line obtained from the dp-cells and their respective positions. The uncertainty of the pressure 
gradient calculation is the error of the slope obtained by fitting a straight line to their respective 
plotted curve. (See example in figure below). Using this methodology the maximum and average 
errors in the pressure gradient were 8 Pa/m and 4 Pa/m respectively. 
 
 
Error in the sampling tank pressure 
The pressure in the sampling tank was measured using a dp-cell with a Bias limit of 6.5 Pa. The 
initial and ending sampling pressure conditions were estimated by a linear regression of the tank 
pressure time traces (See example in the figure below). The standard error of the regression was 
calculated using 
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The uncertainty of the pressure difference in the tank can be calculated using the square root of 
the sum of squares (RSS) 
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Uncertainty in the liquid level in the sampling tank 
There are two ways of estimating the liquid level inside the tank. It can be estimated visually 
using a scale attached to the clear tank wall (Bh=0.0005 m) or it can be determined by the static 
column measured with the dp-cell s. When the experiments involved just two phases (oil-gas) 
these two methodologies can be compared. 
@ @( )) ( )( 2 1t th y hy yh     
The uncertainty of the visually estimated liquid level difference in the tank can be calculated 
using the square root of the sum of squares (RSS) 
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For three-phase flow system (water-oil-gas) 
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The uncertainty of the oil level in the tank can be calculated using the square root of the sum of 
squares (RSS)  
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Uncertainty in local droplet flux calculation 
The local droplet flux for each liquid phase “n” is defined as 
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The diameter of the sampling vessel and the probe were measured using a caliper (Bdv=0.005 
cm). The oil density was measured by manually noting the value from a coriolis meter located 
before the mixing section (Bρn=0.5 Kg/m3). The uncertainty on the water measurement is 
assumed to be the same as for the oil density. The sampling time was measured using a 
chronometer (Bt=0.1 s). The total uncertainty is written as: 
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Uncertainty in the gas velocity 
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The total uncertainty is written as: 
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For all the studied cases the error of the gas velocity is 2% of the measured value 
 
Uncertainty in local droplet concentration calculation 
The droplet concentration is defined as: 
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The total uncertainty is written as: 
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A summary of the errors in the local concentration for all sampled points obtained with the 
described methods are presented in the Figure below. For the oil concentrations the most 
significant value is 4% of the measured value. Larger errors were obtained but mainly for 
sampled locations close to the top of the pipe where the droplet flux is very small. For the water 
cases the errors are larger as the water fluxes are smaller than oil and the most typical error is 
52%.  
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Uncertainty in total entrainment fraction 
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The gas area is calculated as 
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The total entrainment fraction of each phase is calculated as 
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For each phase the entrainment fraction can be written as 
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For simplicity, the variable K1 is defined as 
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The uncertainty in the liquid height was assumed to the differences between the liquid height 
visually estimated and the measured by the gamma at L=0.05 for the upper level error and the 
difference between the height measured by the gamma at L=0.05 and the height measured by 
the gamma at L=0.5. The total uncertainty is written as: 
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The partial derivatives with respect to each of the variables “var” on the equations above are 
calculated using the chain rule as 
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To obtain the partial derivatives it is required to solve the derivatives of an integral. The integral 
limits and/or the integer might depend on the desired variable “var”. The Leibniz rule is used 
where the function f is the integer on the expressions above. 
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Water, oil and total entrainment fraction. Exxsol D80-Water-SF6 (Cases 4-15) 
 
Error in the probe location (y and z) inside the pipe 
The location of the probe inside the pipe is controlled by a linear actuator (vertical movement) 
and a rotary actuator (horizontal movement). The error sources related to location of the probe 
inside the pipe are: 
- Accuracy of the linear actuator (Bias 0.02 mm) 
- Accuracy of the rotary actuator (Bias  0.004or 0.0042 mm) 
- Installation of the probe inside the pipe.  
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Uncertainty on the phase fraction profiles measured by the gamma densitometer 
The volume phase fractions are defined as: 
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The total uncertainty of the oil or water fraction profile will be given by 
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The attenuation coefficients were calculated by fitting a straight line to the curved  ( ) ( )gkI y Il yn  
vs d. Where k=w or k=o for water or oil respectively and ( )2 2d 2 R y R   . The uncertainty on 
the attenuation coefficient calculation is the error of the slope obtained by fitting a straight line to 
their respective plotted curve as: 
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Apendix B- Traversing gamma profiles 
 
Nexbase 3080(100 cP) 7 bara, Usl=0.4 m/s, WC=0.5 
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Nexbase 3080(100 cP) 7 bara, Usl=0.8 m/s, WC=0.5 
Usg=1.3 m/s Usg=2.6 m/s Usg=8.0m/s 
   
   
Nexbase 3080(100 cP) 7 bara, Usl=0.1 m/s, WC=0.75 
Usg=0.7 m/s Usg=2.6 m/s Usg=5.3 m/s Usg=8.0 m/s 
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Exssol D80-Water-SF6: Usl=0.2 m/s 
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Exxsol-Water-SF6 Usg=8.9 m/s Usl=0.2 m/s 
Water cut [-] 
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Appendix C-Summary of sampling experiments:  
Exxsol D80-water-SF6 
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Mixed oil-water-SF6 
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Appendix D- Element classification algorithm 
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Appendix E-Droplet concentration profiles predictions 
Predicted oil and water concentration profiles using the correlation from Pan and 
Hanratty (2002) for the droplet diameter for the current experiments 
Usg= 6.1 m/s, Uso= 0.2 m/s 
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Predictions with the correlation for Co and λ 
Usl=0.2 m/s, Usg=6.1 m/s 
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Apendix F- 5 beams gamma densitometer shielding 
calculations  
 
Source properties (from supplier Ritverc) 
 
Source Photon flux (ssr)-1 Activity (MBq) 
 59.5 keV 17.8 keV  
Am-241 6.7108 107 3700 
 
The properties of the Am-241 provided by the supplier (Cerca-Lea) are shown in Table 3. The 
shielding needs to be calculated under the Norwegian law regulations for handling radiation 
which states: 
-Less than 0.5 mSv/h at 5 cm from the instrument 
-Less than 7.5 Sv/h at 1 m from the instrument 
-Dose rate less than 85 Sv/h/GBq at 1m from the instrument (1). 
 
Source properties (from supplier Cerca-Lea) 
Source Photon flux (ssr)-1 Activity (MBq) 
 59.5 keV 17.8 keV  
Am-241 6.7108 107 3700 
 
Dose rates 
 
 
To calculate the intensity at 5 cm from the instrument the Inverse square law is used: 
 
The intensity exponential decay is expressed by the Lambert’s Law and it can be written as: 
 
Where I is the intensity at distance “d”, Io is the original intensity and  is the linear attenuation 
coefficient. 
Half value layer 
Thickness required to reduce the exposure rate to a half of its value 
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Tenth value layer 
Thickness required to reduce the exposure rate to a tenth of its value 
 
 
The linear attenuation coefficient for different materials is shown below together with the 
calculation of their respective HVL and TVL values. 
 
µ [1/m]1 Density (g/cm3) HVL [mm] TVL [mm] 
Iron (Fe) (60 keV) 950.39 7.87 0.73 2.42 
Aluminium (Al) (60 keV) 74.196 2.70 9.34 31.0 
Lead (Pb) (60 keV) 5557.5 11.34 0.13 0.42 
Tungsten (60 keV) 5662.75 15.63 0.12 0.41 
1 McCrary, 1966 
 
The required intensity dampening calculations are shown in the table below. 
Distance from 
instrument Requirement 
Intensity without 
shielding 
Required 
Dampening (times) 
5 cm 0.5 mSv/h 125.8 mSv/h 251.6 
1 m 7.5 Sv/h 314 Sv/h 41.9 
 
Using the exponential decay equation is possible to calculate the required shielding thickness: 
 
μ  
 
Distance from 
instrument 
Shielding material Thickness [mm] timesTVL 
5 cm 
Aluminium 74.5  
Pb 0.99 
2.4 Iron 5.82 
Tungsten 0.98 
1 m 
Aluminium 50.34 
1.6 Pb 0.68 Iron 3.92 
Tungsten 0.66 
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Photon Flux Calculation 
It will be considered that the photon fluxes should be less than 200000 photons/second 
Distance Source-Detector “xs-d” (mm) 160 
Collimator diameter on detector side 
(mm) 8.5 
Active area of detector “Aact” (mm2) 113.1 
Total Activity of the source (GBq) 3.7 
Source Yield (%) @13.9 KeV @59.5 KeV 
28 
36.3 
Attenuation Coefficient ”” 
Air 
@13.9 KeV 0.00019 
@59.5 KeV 0.00017 
Plexiglass @13.9 KeV 1.6 @59.5 KeV 0.23 
 
The source will spread photons in all directions however the detected photon flux will be 
constrained to the open area fraction of the collimated detector 
act act
frac 2
sph source det
A A
A
A 4 x      
The initial intensity from a source by energy level can be expressed as the total activity 
multiplied by the yield percentage at a specific energy level. The photon flux without attenuation 
can be expressed as 
o @energy fracI Activity A   
The measured intensity from a source will be attenuated by the traversed medium. Considering 
an empty pipe, photons should travel through air and plexiglass. For a specific energy level the 
attenuated intensity can be written as: 
p w p w a ir a irZ Z
m 0I I e e
        
Where  and Z are the attenuation coefficient and the travelled distance through a medium 
respectively. In this case it is considered Zair=9 cm and Zpw=1 cm. The total attenuated photon 
flux is 73502 counts/s and 375700 counts/s for 13.9 KeV and 59.5 KeV respectively. The photon 
flux is lower when the 90 mm ID pipe configuration is in place. 
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Apendix G- 5 beams gamma densitometer drawings  
 
 
 
Part # Quantity Description 
1 2 Source holders (See drawing) 
2 2 Safety back plates (See drawing) 
3 2 Detector holders (See drawing) 
4 5 CdTe detectors S.5.5.2.U 
Mounted in an aluminum box 
with a BNC connector (See 
datasheet) 
5 5 90° BNC connectors  
6 5 Preamplifiers PR16-H  
7 2 Detector collimator plate (See drawing) 
8 1 Spacer and pipe center alligment tool (See drawing) 
9 4 M8x65 Hex bolt (reduced head size to 11 mm)  
10 8 M4x13 Hex bolt (reduced head size 6 mm)  
11 5 Springs o=4.1 mm, i=3.4 mm, t=0.35 mm, Lcompressed= 5.3 mm  
12 5 M3x10 Flat head bolt  
13 4 M4x16 Flat head bolt  
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Source holders (three sources side) 
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Safety mechanisms tungsten pins 
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Detector holder (three sources side) 
 
 
 
  
Apendix H- Paper 4 
 
 
 
 
 
Shmueli, A. Nydal, O.J, Djoric, B. Unander, T.E 
 
Oil and water droplet entrainment in horizontal gas liquid flows 
 
 
 
 
Proc 8th North American Conference on Multiphase Flow. BHR Group. Cranfield, U.K pp 199-
210International Conference on Multiphase Flow.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
2LODQGZDWHUGURSOHWHQWUDLQPHQWLQKRUL]RQWDOJDV
OLTXLGIORZV

$6KPXHOL2-1\GDO
1RUZHJLDQ8QLYHUVLW\RI6FLHQFHDQG7HFKQRORJ\1RUZD\
%'MRULF
6WDYDQJHU5HVHDUFK&HQWUH7RWDO(31RUZD\
7(8QDQGHU
6,17()3HWUROHXP5HVHDUFK1RUZD\







$%675$&7

7KUHHRLOZDWHUJDVIORZVH[SHULPHQWVKDYHEHHQFDUULHGRXWLQDPP,'SLSHZLWKD
GHQVHJDVVLPXODWLQJKLJKSUHVVXUHIORZVDQGZLWKRLOVRIGLIIHUHQWYLVFRVLWLHV
F3 0HDVXUHPHQWV LQFOXGH SUHVVXUH GURS DQG OLTXLG HQWUDLQPHQW XVLQJ DQ LVRNLQHWLF
VDPSOLQJ SUREH7KH IORZ LV UHFRUGHGZLWK D KLJK VSHHG YLGHR FDPHUD7KH WHVWHG JDV
YHORFLWLHVPVGLGQRWJLYHODUJHHQWUDLQHGGURSOHWIUDFWLRQV7KHHIIHFWRIZDWHULV
WRUHGXFHWKHHQWUDLQPHQWDQGSUHVVXUHGURS2/*$SUHGLFWVWKHSUHVVXUHGURSTXLWHZHOO


 ,1752'8&7,21

,Q RUGHU WR GHVLJQPXOWLSKDVH WUDQVSRUW OLQHV LW LV LPSRUWDQW WR SUHGLFW WKH WUDQVSRUW RI
HDFKSKDVHLQWKHSLSHOLQHLQSDUWLFXODUWKHOLTXLGDFFXPXODWLRQDQGWKHSUHVVXUHGURS,Q
VHSDUDWHGIORZVGURSOHWVFDQEHWRUQRIIWKHOLTXLGOD\HUDQGEHWUDQVSRUWHGDVDGURSOHW
ILHOGLQWKHJDV7KHUHDUHWZRPDMRUIORZHIIHFWVFRPLQJIURPDQHQWUDLQHGGURSOHWILHOG
LQ WKH JDV )LUVWO\ WKH GURSOHW IORZ FDQ UHSUHVHQW D YHU\ ODUJH IUDFWLRQ RI WKH OLTXLG
WUDQVSRUW6HFRQGO\HYHQZKHQWKHHQWUDLQHGIUDFWLRQLVORZWKHGURSOHWVFDQFDXVHZDOO
ZHWWLQJDQGWKXVFRQWULEXWHLQFUHDVLQJWKHSUHVVXUHGURS

' IORZ UHTXLUHV FORVXUH UHODWLRQV UHODWHG WR WKH GURSOHW ILHOG DQG WKHVH DUH XVXDOO\
FDOLEUDWHGWRH[SHULPHQWDOPHDVXUHPHQWVXQGHUFRQWUROOHGODERUDWRU\FRQGLWLRQV6RPHRI
WKHUHOHYDQWSXEOLVKHGZRUNVDUHVKRZLQ7DEOH0RVWRIWKHVHH[SHULPHQWVZHUHGRQH
XVLQJ ZDWHU DQG DLU DW DWPRVSKHULF SUHVVXUH ZKHUH KLJK JDV YHORFLWLHV DUH QHHGHG WR
REWDLQ OLTXLG HQWUDLQPHQW LQ WKH JDV SKDVH +RZHYHU WKH SXEOLF GRPDLQ H[SHULPHQWDO
GDWD DYDLODEOH IRU WKUHH SKDVH IORZ LV VFDUFH  7KH SUHVHQW H[SHULPHQWV IRFXV LQ WKUHH
SKDVHIORZDWHOHYDWHGJDVGHQVLWLHV

7KHUHDUHVHYHUDOPHWKRGVSURSRVHGWRFDOFXODWHWKHSUHVVXUHJUDGLHQWIRUVWUDWLILHGZDY\
IORZZLWKGURSOHWVHQWUDLQPHQW6RPHRIWKHPDUHEDVHGRQDVLPSOLILHGDSSURDFKZHUH
WKH OLTXLG GURSOHW DWRPL]DWLRQ DQG GHSRVLWLRQ DUH QHJOHFWHG 9ODFKRV HW DO 
SURSRVHG D PRGHO WKDW WDNHV LQWR DFFRXQW WKH JDVOLTXLG LQWHUIDFH DQG D SURFHGXUH WR
FDOFXODWHWKHOLTXLGWRZDOOVKHDUVWUHVVFRQVLGHULQJDFLUFXPIHUHQWLDOYDULDWLRQRILW7KH
FRPSDULVRQEHWZHHQWKHSUHGLFWHGDQGH[SHULPHQWDOYDOXHV3DUDVHWDO9ODFKRV
HWDOVKRZVDJRRGDJUHHPHQWPD[HUURU
%+5*URXS0XOWLSKDVH 
7DEOH3UHYLRXVH[SHULPHQWDOSXEOLVKHGZRUNV
$XWKRU <HDU )OXLGV '>FP@
8VJ
>PV@
:/
>NJV@
:&
>@
ȡJ
>.JP@
'DOOPDQ  $LU:DWHU  
±
  ±
/DXULQDW  $LU:DWHU  
±
  
:LOOLDPV  $LU:DWHU 


±
  ±
3DUDV	
.DUDEHODV  $LU:DWHU 


±
  ±
7D\HEL 
6):DWHU
6)([[VRO
'
    
0DQWLOOD 
$LU:DWHU
$LU:DWHU
%XWDQRO
$LU:DWHU
*O\FHULQ
 

  
%RXOHVWHL[  $LU:DWHU  

  
6NDUWOLHQ  6):DWHU([[VRO 





 

6RPHPRGHOVIRUFDOFXODWLQJWKHHQWUDLQHGIUDFWLRQUHTXLUHHVWLPDWLQJWKHSUHVVXUHGURS
DVDVWHSLQWKHFRPSXWLQJSURFHGXUH0DQWLOODSURSRVHGDPRGHOWRFDOFXODWHWKH
HQWUDLQPHQW IUDFWLRQ IRU JDVOLTXLG VWUDWLILHG IORZ 7KH SUHVVXUH JUDGLHQW FDOFXODWLRQ LV
EDVHGRQWKHIORZSDWWHUQVWUDWLILHGRUDQQXODU)RUVWUDWLILHGIORZWKHPRGHORI+DUWHW
DOWDNHVLQWRDFFRXQWWKHVKDSHRIWKHLQWHUIDFHEXWQRWWKHDWRPL]DWLRQRIGURSOHWV
+RZHYHU WKHUH LV D YHU\ JRRG DJUHHPHQW EHWZHHQ WKH H[SHULPHQWDO DQG SUHGLFWHG
HQWUDLQHGIUDFWLRQYDOXHV0HQJHWDOSURSRVHGDPRGHOWRFDOFXODWHWKHSUHVVXUH
GURSIRUORZOLTXLGORDGLQJJDVOLTXLGVWUDWLILHGIORZ7KHHQWUDLQHGOLTXLGGURSOHWVZHUH
FRQVLGHUHGLQWKHLQWHUIDFLDOIULFWLRQWHUPIRUWKHSUHVVXUHGURSFDOFXODWLRQ7KHLQWHUIDFH
VKDSHZDVDOVRWDNHQLQWRDFFRXQWXVLQJWKHGRXEOHFLUFOHPRGHOSURSRVHGE\&KHQHWDO
 7KHUH LV DQ DJUHHPHQW ZLWKLQ WKH  EHWZHHQ H[SHULPHQWDO DQG SUHGLFWHG
HQWUDLQPHQW )RU WKHVHPRGHOV WKH H[SHULPHQWDO DQGSUHGLFWHG SUHVVXUH JUDGLHQW YDOXHV
DUHQRWFRPSDUHG

7KH SUHVHQW ZRUN LV SDUW RI D VWXG\ RQ WKH HIIHFW RI WKH ZDWHU FXW RQ WKH OLTXLG
HQWUDLQPHQWDQGRQWKHZDOOZHWWLQJIRUWKUHHSKDVHIORZVV\VWHPV7KLVZLOOEHGRQHE\
VWDUWLQJ IURP WKH WZRSKDVH IORZ RLOJDV V\VWHP DQG WKHQ DGGLQJZDWHU DW D FRQVWDQW
OLTXLGVXSHUILFLDOYHORFLW\7KHH[SHULPHQWVZLOOLQFOXGHWKUHHPDLQPHDVXUHPHQWVYLVXDO
REVHUYDWLRQ RI WKH SKHQRPHQRQ LVRNLQHWLF VDPSOLQJ RI WKH GURSOHW VWUHDP DORQJ WKH
YHUWLFDOGLDPHWHUDQGSUHVVXUHJUDGLHQW


 (;3(5,0(17$/6(783

7KH H[SHULPHQWV ZHUH SHUIRUPHG LQ WKH PHGLXPVFDOH IORZ ORRS ORFDWHG DW 6,17()
0XOWLSKDVH )ORZ ODERUDWRU\ LQ 7URQGKHLP 1RUZD\ 7KH IDFLOLW\ FRQVLVWV RI D  PP
LQQHUGLDPHWHUPORQJSLSHOLQH7KHSLSHOLQHFDQEHWLOWHGIURPWKHKRUL]RQWDO,Q
WKLVVWXG\RQO\DKRUL]RQWDOFRQILJXUDWLRQZDVXVHG7KHUHLVDWUDQVSDUHQWPVHFWLRQ
 %+5*URXS0XOWLSKDVH
WKDWZDVXVHGWRYLVXDOL]HWKHIORZ7KHWHVWVHFWLRQLVORFDWHGDERXW'GRZQVWUHDP
WKHPL[LQJSRLQW

,QVWUXPHQWDWLRQ

3UHVVXUHJUDGLHQWFDOFXODWLRQ
7KHSUHVVXUHJUDGLHQWLVFDOFXODWHGIURPWKHPHDVXUHPHQWRIILYHSUHVVXUHFHOOVWKDWDUH
FRQQHFWHG DORQJ WKH ORRS 7KH DVVRFLDWHG XQFHUWDLQW\ RI WKH SUHVVXUH FHOOV DQG WKH
SUHVVXUHJUDGLHQWFDOFXODWLRQDUH3DDQG3DPUHVSHFWLYHO\)ROORZLQJ6PLWKHWDO
WKHXQFHUWDLQW\IRUWKHSUHVVXUHGURSLVHVWLPDWHGDVWKHXQFHUWDLQW\LQWKHVORSH
IURPUHJUHVVLRQRIWKHGSFHOOVDQGUHVSHFWLYHSRVLWLRQV

,VRNLQHWLFVDPSOLQJSUREH
7KH OLTXLGGURSOHWVHQWUDLQHG LQ WKHJDVSKDVHZHUH VDPSOHGXVLQJDQ LVRNLQHWLFSUREH
$Q LVRNLQHWLF SUREH LV D SLWRW W\SH VDPSOLQJ WXEH WKDW LV GHVLJQHG WR RSHUDWH XQGHU
LVRNLQHWLFFRQGLWLRQVZKHUHWKHSUHVVXUHDWWLSRIWKHSUREHLVHTXDOWRWKHVWDWLFSUHVVXUH
DWWKHSUREHSRVLWLRQ7KHSUREHKDVDPPLQQHUGLDPHWHUDPPZDOOWKLFNQHVVDQG
LWH[WHQGVPPXSVWUHDP,WZDVSRVVLEOHWRFROOHFWGURSOHWVZLWKLQPPRIWKHSLSH
ZDOO$WUDYHUVLQJPHFKDQLVPZDVXVHGWRFURVVWKHYHUWLFDOGLDPHWHURIWKHSLSH

7KH VDPSOHG IORZ JRHV WKURXJK WKH SUREH WR D JDVOLTXLG WUDQVSDUHQW VHSDUDWRU 7KH
VDPSOHGOLTXLGZLOOEHDFFXPXODWHGWKHQLQDFOHDUYHVVHODQGWKHJDVZLOOIORZWKURXJKD
IORZPHWHUDQGWKHQWRDFRQWUROYDOYH7KHXQFHUWDLQW\DVVRFLDWHGZLWKWKHPHDVXUHPHQW
RI WKH OLTXLG GURSOHW IORZ LV Â PV 7KH XQFHUWDLQW\ ZDV HVWLPDWHG E\ WKH HUURU
SURSDJDWLRQXVLQJSDUWLDOGHULYDWLYHVPHWKRG)LJXUHVKRZVVFKHPDWLFDOO\RIWKHSUREH
PRGXOHXVHGGXULQJWKLVVWXG\

7UDYHUVLQJJDPPDGHQVLWRPHWHU
7R HVWLPDWH WKH OLTXLG OD\HU KHLJKW DQG WKH KROGXS D QDUURZEHDP WUDYHUVLQJ JDPPD
GHQVLWRPHWHU7*'ZDVXVHGWRJHWKHUZLWKWKHYLVXDOVXSSRUWIURPWKHUHFRUGHGYLGHRV
7KH7*'ZDVORFDWHGRQWKHWUDQVSDUHQWVHFWLRQRIWKHSLSH,WLVLQVWDOOHGVXFKWKDWWKH
EHDPZKLFKFRQWDLQVWKHFROOLPDWHGJDPPDHPLVVLRQFURVVHVWKHSLSHKRUL]RQWDOO\ZKLOH
LWLVWUDQVSRUWHGIURPWKHERWWRPWRWKHWRSRIWKHSLSH

+LJKVSHHGYLGHRFDPHUD
9LVXDO REVHUYDWLRQV ZHUH SHUIRUPHG LQ RUGHU WR FODVVLI\ HDFK IORZ SDWWHUQ DQG WR
GHWHUPLQH WKH KHLJKW RI WKH OLTXLG OD\HU WRJHWKHU ZLWK WKH WUDYHUVLQJ JDPPD
GHQVLWRPHWHU$OOWKHYLGHRVZHUHUHFRUGHGDWIUDPHVSHUVHFRQGLQRUGHUWRFDSWXUH
LPSRUWDQW FKDUDFWHULVWLFV RI WKH IORZ VXFK DV WKH PRYHPHQW RI WKH OLTXLG GURSOHWV
HQWUDLQHGLQWKHOLTXLG

 )OXLGV\VWHP
7KUHH VHW RI H[SHULPHQWV ZHUH FDUULHG RXW XVLQJ WKUHH RLOV 1H[EDVH  1
([[VRO' (' DQG DPL[WXUH RI ERWK RI WKHP 0RLO ZDWHU DV OLTXLG SKDVH DQG
VXOSKXUKH[DIOXRULGH6)DVJDVSKDVH7KHSURSHUWLHVRI WKHIOXLGVDW&DQGEDU
DUHVKRZQLQ7DEOH

6PLWKHWDOSUHVHQWHGDUHODWLRQIRUWKHYLVFRVLW\RI1LQF3DVIXQFWLRQRI
WKH WHPSHUDWXUH DW DWPRVSKHULFSUHVVXUH ,Q WKH VDPHZD\ D UHODWLRQ IRU WKHPL[HGRLO
0RLOYLVFRVLW\DVIXQFWLRQRIWHPSHUDWXUHZDVREWDLQHGDQGSUHVHQWHGEHORZ

%+5*URXS0XOWLSKDVH 
 7
1 H  P  
 70RLO  P  
:KHUH 7 LV WKH WHPSHUDWXUH LQ & 7KH GHQVLWLHV IRU DOO WKH WHVWHG RLOVZHUHPHDVXUHG
RQOLQH XVLQJ D FRULROLVPHWHU DQG LWZDV IRXQG WKDW WKH YDOXHVZHUH UHODWLYHO\ FRQVWDQW
GXULQJDOOH[SHULPHQWV


)LJXUH,VRNLQHWLFSUREHPRGXOH

7DEOH2LODQG*DV3URSHUWLHV#&
)OXLG 3UHVVXUH>EDUD@
'HQVLW\
>.JP@
9LVFRVLW\
>F3@
1H[EDVH   
([[VRO'   
0L[HGRLO   
6)
 
 
 

 7HVW3RLQWV
7KHIORZSDWWHUQLQDSLSHGHSHQGVRQWKHOLTXLGSURSHUWLHVJHRPHWU\DQGVXSHUILFLDOJDV
DQGOLTXLGYHORFLWLHVXVHG6WUDWLILHGIORZZLWKOLTXLGHQWUDLQPHQW LV WKHIORZSDWWHUQRI
LQWHUHVW LQ WKLV VWXG\ )RU HYHU\ IOXLG V\VWHP DQG H[SHULPHQWDO FRQGLWLRQ GLIIHUHQW
FRPELQDWLRQVRIOLTXLGDQGJDVVXSHUILFLDOYHORFLWLHVZHUHWHVWHGLQRUGHUWRGHWHUPLQHWKH
UHTXLUHGIORZUDQJHWRREWDLQWKHGHVLUHGIORZSDWWHUQV(YHU\SRLQWZDVFODVVLILHGIURP
YLVXDOREVHUYDWLRQV
 %+5*URXS0XOWLSKDVH
7KH WHVW PDWUL[ RI WKLV VWXG\ FRQWDLQV  IOXLGV 7KH ZDWHU FXW KDV EHHQ FKDQJHG DW D
FRQVWDQW VXSHUILFLDO OLTXLGYHORFLW\ VWDUWLQJ IURPRLOJDV IORZ:& DQG LQFUHDVLQJ
DVLWLVVKRZQLQ7DEOH

7DEOH7HVWSRLQWV
)OXLGV 3UHVVXUH>EDU@
8VO
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   4XDOLWDWLYH
   4XDOLWDWLYH4XDQWLWDWLYH
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
 4XDOLWDWLYH0HDVXUHPHQWV
9LGHR UHFRUGLQJV IRU VXSHUILFLDO JDV YHORFLW\ DQG ZDWHU FXW IRU D FRQVWDQW OLTXLG
VXSHUILFLDOYHORFLW\DQGIRU1:6)DQG(':6)DUHVKRZQLQWKHPDWUL[DW
)LJXUHDQG)LJXUH

)LJXUH  VKRZV WKDW WKH OLTXLG GURSOHW HQWUDLQPHQW LV VWURQJO\ GHSHQGHQW RI WKH JDV
YHORFLW\ )RU FRQVWDQWZDWHU FXW WKH HQWUDLQPHQWZLOO LQFUHDVHZLWK LQFUHDVLQJ YHORFLW\
7D\HEL HW DO  ,VKLL 	 0LVKLPD  3DUDV 	 .DUDEHODV  DPRQJ
RWKHUV7KHOLTXLGOD\HUWKLFNQHVVUHGXFHVLWVVL]HDVWKHJDVYHORFLW\LQFUHDVHV$WKLJKHU
JDVYHORFLWLHVPRUHOLTXLGJRHVIURPWKHOD\HUWRWKHJDVFRUHDQGSLSHZDOOV

)URPWKHSLFWXUHVLWLVREVHUYHGWKDWWKHOLTXLGGURSOHWHQWUDLQHGIUDFWLRQGHFUHDVHVZKHQ
ZDWHU LVDGGHG WRDQRLOJDV V\VWHPDW WKHVDPHJDVDQG OLTXLGYHORFLWLHV7KHUH LV OHVV
GURSOHWHQWUDLQPHQWIRUDZDWHUFXWZDWHUJDVIORZWKDQIRUZDWHUFXWRLOJDV
IORZ$WKLQOLTXLGILOPFRYHULQJSDUWLDOO\RULQVRPHFDVHVWKHZKROHSHULPHWHURIWKH
SLSHFDQPDNHWKHYLVXDOL]DWLRQRIGURSOHWVKDUGHU:KHQZDWHULVDGGHGWRWKHV\VWHPWKH
ILOPVWDUWVWREHFRPHWKLQQHUDQGJUDGXDOO\GLVDSSHDU


%+5*URXS0XOWLSKDVH 
8VJ :&§ § §
§
PV

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
§
PV

)LJXUH9DULDWLRQRIWKH8VJDQGZDWHUFXWDWDFRQVWDQW8VO§PV
)OXLGV1H[EDVH:DWHU6)

8VJ :&§ § §
§PV

)LJXUH9DULDWLRQRIWKHZDWHUFXWDWDFRQVWDQW8VO§PV
)OXLGV([[VRO':DWHU6)

,QRUGHU WR VKRZYLVXDOO\ WKH HIIHFW RI WKHZDWHU FXW RQ WKHZDOOZHWWLQJSKHQRPHQRQ
SLFWXUHVRIWKHWRSDQGIURQWVLGHRIWKHSLSHKDYHEHHQWDNHQIRU:& DQG:& 
XVLQJWKH0L[HGRLODVDQ2LOSKDVH7KHVHSLFWXUHVDUHVKRZQLQ)LJXUH)RUWKHWZR
SKDVH IORZ V\VWHP LW LV SRVVLEOH WR VHH WKDW WKH OLTXLG ILOP LV FRYHULQJ WKH HQWLUH SLSH
SHULPHWHUZKLOHDIWHUDGGLQJDVPDOOZDWHUIUDFWLRQ.JVWKHWRSRIWKHSLSHLVQRW
FRYHUHGE\OLTXLG$IWHUPDNLQJWKHFRPSDULVRQRIDOOWKHYLGHRVIURPWKHH[SHULPHQWVLW
ZDVREVHUYHGWKDWDVWKHYLVFRVLW\RIWKHRLOLVKLJKHUPRUHZDWHUVKRXOGEHDGGHGWRWKH
V\VWHPLQRUGHUWRGHFUHDVHWKHOLTXLGOD\HUWKLFNQHVV
 %+5*URXS0XOWLSKDVH
8VJ :&§ §
§
PV

)LJXUH9DULDWLRQRIWKHZDWHUFXWDWDFRQVWDQW8VO§PV
)OXLGV0L[HGRLO:DWHU6)7RSDQGVLGHYLHZRIWKHSLSH

)LJXUHVKRZVDVXPPDU\RIWKHH[SHFWHGEHKDYLRURIWKHOLTXLGILOPRQWKHSLSHZDOO
DQG GURSOHWV HQWUDLQHG ZKHQ WKH ZDWHU FXW LV LQFUHDVLQJ DW FRQVWDQW OLTXLG DQG JDV
VXSHUILFLDOYHORFLWLHV7KHDGGHGZDWHUZLOOKHOSWRUHGXFHWKHHQWUDLQPHQWDQGWKHOLTXLG
ILOPWKLFNQHVV


)LJXUH6XPPDU\RIWKHEHKDYLRURIWKHOLTXLGILOPRQWKHSLSHZDOODQGGURSOHWV
HQWUDLQHG

 4XDQWLWDWLYH0HDVXUHPHQWV

/LTXLGHQWUDLQHGIUDFWLRQ
)URP WKH YLVXDO REVHUYDWLRQV WZR PDLQ SKHQRPHQD ZHUH QRWHG ZKHQ WKH ZDWHU FXW
LQFUHDVHVDWFRQVWDQWVXSHUILFLDOJDVDQGOLTXLGYHORFLWLHVWKHOLTXLGGURSOHWHQWUDLQPHQW
DQGWKHZDOOZHWWLQJGHFUHDVH8VLQJDQLVRNLQHWLFVDPSOLQJSUREHWKHGURSOHWIOX[LQWKH
JDVLVPHDVXUHGDORQJWKHYHUWLFDOGLDPHWHU7KHWHVWHGIOXLGV\VWHPZDV02:6DVLW
ZDVVKRZQLQ7DEOH

$VIRXQGSUHYLRXVO\IURP7D\HELHWDODQH[SRQHQWLDOOLTXLGGURSOHWGLVWULEXWLRQ
LQWKHYHUWLFDOGLDPHWHURIWKHSLSHIRUERWKOLTXLGSKDVHVRLODQGZDWHUZDVVXFFHVVIXOO\
%+5*URXS0XOWLSKDVH 
ILWWHG WR WKH H[SHULPHQWDO GDWD 7KH ORFDO YROXPH IOX[ RI GURSOHWV ZLOO WKHQ KDYH WKH
VKDSH

 ]'H[S&]%H[S$T   

:KHUH$%&'DUH WKH ILWWLQJFRQVWDQWVDQG] LV WKHKHLJKWPHDVXUHG IURP WKHJDV
OLTXLG LQWHUIDFH 7KH LQWHUIDFH SRVLWLRQ ZDV YLVXDOO\ HVWLPDWHG IURP WKH SLFWXUHV DQG
PHDVXUHPHQWV RQ WKH SLSH GLDPHWHU RQ WKH FOHDU VHFWLRQ 7KHUH LV DQ LPSRUWDQW
XQFHUWDLQW\LQWKHPHDVXUHPHQWVUHODWHGWRWKHGHILQLWLRQRIWKLVLQWHUIDFH7KHWRWDOOLTXLG
WKDWLVWUDQVSRUWHGDVGURSOHWVLVFDOFXODWHGE\LQWHJUDWLQJWKHORFDOOLTXLGIORZRIGURSOHWV
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Abstract 
 
Liquid entrainment experiments have been performed in a horizontal, 69 mm ID pipe. Exxsol D80 and water were used as 
liquid phases and SF6 was used as gas phase in order to simulate high pressure flows. A new 4mm ID isokinetic sampling 
probe was designed to traverse the cross section of the pipe in high pressure systems. This probe has the capability of 
simultaneous droplet flux sampling and gas mass flow measurement. Two water cuts were tested. A global reduction in the 
entrainment was observed when the water cut increases when comparing droplet fluxes contour plots. Non uniformities of the 
droplet profiles on the pipe cross section were found suggesting the existence of secondary flows.  
 
 
 
Introduction 
 
Gas-liquid flows are very common in the industry and in 
many cases the liquid phase is hydrocarbons and water. The 
droplet entrainment in the gas phase and the pressure drop 
in the pipeline are important variables to predict when 
designing multiphase flow lines and equipment. 
In separated flows, droplets can be entrained from the liquid 
layer and transported as a droplet field in the gas phase. 
There are two major flow effects from an entrained droplet 
field in the gas phase. The droplet flow can represent a very 
large fraction of the liquid transport. Even when the 
entrained fraction is low, the presence of droplets can be 
important because droplets cause wall wetting and thus 
contribute to increased pressure drop.  
It is common practice to use 1D flow models to describe the 
behavior of multiphase flow. These models require closure 
relationships related to the droplet field. These relationships 
are usually obtained from experimental measurements under 
controlled operating conditions.  
Most of the experimental work in the past has been done 
using water and air at atmospheric pressure. All of these 
previous studies provide important information about liquid 
droplets entrainment. However there is still a lack of 
experimental data in three phase flow and at high pressures. 
There are a limited number of experiments of the droplet 
entrainment over the entire pipe cross-section. The 
uniformity of the droplet flux distribution on the pipe cross 
section is one assumption in most of the current models. 
One objective of this study is to quantify and understand 
cross sectional distributions effect. 
Paras & Karabelas (1991) measured water and air droplet 
flux over the cross section of a 50.88 mm ID pipe in annular 
horizontal flow using an isokinetic probe. The fluid system 
was air and water at atmospheric conditions. They managed 
to measure the droplet fluxes along both axis of the pipe 
cross section. Entrainment is fairly constant along the 
horizontal axis for low liquid rates. However there is no 
uniformity of the droplet concentration distribution at high 
liquid rates and the authors attribute this non uniformity to 
the measuring technique uncertainty. 
Williams et al (1996) measured the liquid droplet flux in the 
pipe cross section using the experimental setup explained in 
Williams (1990). The local droplet flux was sampled with 
an isokinetic probe. Two cases where studied: stratified flow 
with dry top wall and stratified-annular flow. On his cross 
section measurements he found a non uniformity along the 
horizontal direction in the droplet concentration profiles. He 
proposed that this non uniformity could be caused by a 
secondary flow. In their study, the secondary flow will 
appear when the concentration of droplets was high. This 
fact is consistent with the observations from Westende 
which state that the existence of secondary flows in the gas 
core of stratified-annular flow can modify the droplet 
distribution and its deposition on the wall (Westende, 2007).  
In addition to Williams et al (1996) measurements, Dykhno 
et al (1994) and Flores et al. (1995) have supported the 
existence of secondary flows.  
Dykhno et al. (1994) performed axial gas velocity 
measurements on the pipe cross section using the isokinetic 
probe from Williams (1990) as a Pitot tube. This flow helps 
the transport of the liquid droplets to the wall and therefore 
increases the wall film thickness. 
Westende (2007) studied the effect of the dispersed liquid 
phase on the secondary flow in stratified-annular flow. He 
performed large eddy simulations (LES) of air-water 
horizontal-annular flow and compared the results with 
experiments he carried out using Phase Doppler 
Anemometry (PDA) and with the gas velocity profiles 
displayed by Dykhno et al. (1994).  
The present work is part of an ongoing study on the effect of 
the water cut on the liquid entrainment and on the wall 
wetting for three phase flows systems. The experiments 
presented in this paper include isokinetic sampling of the 
droplet stream and gas phase along the pipe cross section 
for two and three phase flows at pressure conditions higher 
than atmospheric. 
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Nomenclature 
 
D Pipe Diameter (m) 
U Axial Velocity (m/s) 
R Pipe radius (m) 
n Fitting parameter (-) 
P Pressure (bar) 
K Velocity correction factors due to droplets (-)  
q Local flow rate (m3/s) 
A Area (m2) 
N Number of measured points 
Re Reynolds number (-) 
WC Water cut (%) 
Greek letters 
ρ Density (Kg/m3) 
P Dynamic viscosity (Pas) 
\ Wave velocity parameter (-) 
Subsripts 
g Gas 
o Oil 
w Water 
l Liquid 
s Superficial 
m mixture 
max Maximum 
d dynamic 
p Probe 
 
Experimental setup 
 
The experiments were performed in the medium-scale flow 
loop located at SINTEF Multiphase Flow laboratory in 
Trondheim, Norway. A horizontal 49m long steel pipeline 
with an internal diameter of 69mm was used. There is 
transparent 1,95 m section that was used to visualize the 
flow. The isokinetic probe test section is located about 470D 
downstream the mixing point. 
The sampling experiments were carried out using Exxsol 
D80 (ED80) and water as liquid phase and sulphur 
hexafluoride (SF6) as gas phase. SF6 is a high density gas 
that can reproduce relevant field conditions at high 
pressures. All the experiments were run at 4.7 bara. The 
physical properties of the fluids are shown in Table 1. Due 
to the pressure drop in the pipe, the gas density is corrected 
for the calculations at the probe location. 
The pressure gradient is calculated from the measurement of 
five pressure cells that are connected along the loop (at 
430D, 633D, 865D, 1071D and 1274D). The associated 
uncertainty of the pressure cells and the pressure gradient 
calculation are 6 Pa and 1-4Pa/m respectively. The 
uncertainty for the pressure drop is estimated as the 
uncertainty in the slope from regression of the dp-cells and 
respective positions (Smith et al. 2011). 
 
Table 1 Fluid Properties 
Fluid Density [Kg/m3] 
Viscosity 
[cP] 
Exxsol D80 813 1.8 
Water 998 1.0 
SF6 27.8 0.0151 
 
The gas liquid interface location was measured on the outer 
pipe perimeter at the clear section using a scale attached to 
the pipe surface. In addition, a traversing gamma 
densitometer was available to measure the phase fractions. 
High speed videos of the flow side and top view of the pipe 
were recorded. The sampling frequency was set at 2500 
frames/sec. 
The liquid droplets entrained in the gas phase were sampled 
using an isokinetic probe. An isokinetic probe is a Pitot type 
sampling tube that is designed to operate under isokinetic 
conditions. Isokinetic conditions are achieved when the total 
pressure at tip of the probe is equal to the static pressure at 
specific probe location and at a constant gas mass flow.  
A new 4mm ID. Isokinetic sampling probe was designed 
and built to either sample isokinetically or to work as a Pitot 
tube. The probe can be positioned at different locations 
inside the pipe using simultaneously a linear and a rotary 
actuator. A real picture of the probe with a description of its 
components is shown on Figure 1. The operating principle 
of the probe moving system is described on Figure 2. 
 
 
Figure 1 Isokinetic probe  
 
The measurement of the total and static pressure are made at 
the probe tip and at the inner pipe wall respectively. The 
sampled flow goes through the probe to a gas-liquid 
transparent separator. The sampled gas will flow through a 
coriolis flow meter and then to a control valve. The liquid 
will be accumulated in a clear vessel. Two clear vessels with 
69mm and 17mm ID were used. The pressure difference 
between the test section and the separator was too low to 
generate sufficient suction to obtain the isokinetic condition. 
For this purpose, two gas compressors connected in parallel 
between the control valve and the flow meter were used. 
Figure 3 shows schematically of the probe module used 
during this study. 
 
 
Figure 2 Probe operating principle 
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All the signals from the pressure transmitter, the valve, 
coriolis flow meter and the actuators are sent to a PLC unit 
with a built-in HMI operator panel. On the screen is 
possible to set the desired probe location and to visualize 
the signals from the instrumentation at the probe module. 
The pressure signal from the probe, gas flow rate, valve 
opening and tank pressure is plotted in real time on the 
screen. Using the PLC unit was possible to control 
automatically the isokinetic condition. 
 
 
Figure 3 Isokinetic probe module 
 
The total pressure sensing hoses can be blocked by oil after 
certain sampling time and wrong pressure values would be 
sensed. For this reason, the little hoses were flushed and 
cleaned with pressurized SF6 at the beginning of each 
sampling measurement. 
 
Probe Measurements Validation: 
 
The probe was designed to work as a sampling probe and as 
a Pitot tube. The local gas velocity is necessary to determine 
the local droplet concentration (Tayebi, 2000) and to 
understand the flow physics. Two kinds of experiments were 
run to guarantee the results from the probe. Single phase 
isokinetic sampling experiments using SF6 were carried out 
at 8 m/s to verify the velocity profiles. Secondly, sampling 
and Pitot experiments using two phase oil and gas were 
done along the vertical pipe diameter using Exxsol D80 and 
SF6 at 0.2m/s and 5.9 m/s respectively and compared. 
 
- Gas single phase velocity profiles 
 
The power law velocity profile for fully developed turbulent 
pipe flow can be written as: 
 
n
R
r
U
U 1
max
1 ¹¸
·
©¨
§   (1) 
22 zyr   (2) 
The value of the exponent n will depend and increase with 
the Reynolds number (Cengel, 2004). There are many 
suggested empirical values for this coefficient and a 
summary of most of them are shown in Afzal et al (2007). 
The value of n which fits the experimental data the best was 
found to be 8.8. 
Pitot measurements were carried out in half of the pipe cross 
section and the profiles are plotted against the Power-law 
profile on Figure 4. There is a good agreement between the 
experimental data and the proposed theoretical profile. 
 
 
Figure 4 Comparison between Power-law velocity profile 
and the local gas velocity profiles at 8 m/s. 
 
- Oil and gas stratified flow gas velocity profiles 
 
In order to measure the local gas velocity using the probe as 
a Pitot tube it is assumed that the stagnation pressure will be 
the same as the kinetic energy of the mixture. Following 
Skartlien (2011), 
 
m
d
g
PU U
 2  (3) 
ggwwoom KKK UUUU   (4) 
 
The value for the constants Ki will correct the velocity 
profile distortion due to the existence of liquid droplets. 
As it was mentioned before, the isokinetic probe module has 
a Coriolis gas flow meter downstream of the gas liquid 
separator (Figure 2). The local gas velocity can be 
calculated using the sampled gas flow rate in Equation 5. 
 
gp
g
g A
q
U U '  (5) 
 
When sampling liquid and gas simultaneously using the 
probe, the liquid will tend to stick to the probe walls and 
therefore the gas flow effective area will be less than when 
it is flowing alone. Therefore it is required to obtain the 
effective gas flowing area “A’p”. This area will be estimated 
by tuning the gas mass values to the flow using the Pitot 
tube measurements until the average deviation between 
them was less than 1%. The average deviation is defined as 
in Equation 6. Different experiments changing Usg at 
Usl=0.2 m/s confirm that the value obtained for the effective 
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flowing area is valid for all the tested conditions. 
 
1001
1
¸¸¹
·
¨¨©
§  ¦
 
N
i Pitot
PitotSampled
U
UU
N
devAverage  (6) 
 
N… Number of measured points 
 
The velocity profiles obtained from both proposed methods 
are displayed in Figure 5. Both methods had shown an 
agreement regarding the gas velocity profile shape. Using 
the probe module is therefore possible to measure 
simultaneously the gas local velocity and sampling the 
liquid droplets entrained in the gas core.  
 
Figure 5 Comparison between the velocity profiles 
obtained using the sampling and Pitot tube method. 
 
Test points 
 
The cross section sampling experiments were conducted 
starting from an oil-gas system. The water cut has been 
changed at a constant superficial liquid velocity as it is 
shown in Table 1.  
Two flow patterns were identified during this study: 
Stratified-annular flow (Cases 1, 3 and 4) and stratified flow 
with atomization (Case 2). A thin liquid film was present in 
all the studied cases. However the top of the pipe was not 
wetted in case 2.  
 
Table 1 Test points matrix 
Case Usg 
[m/s] 
WC 
[%] 
Uso 
[m/s] 
Usw 
[m/s] 
Wetted 
top of 
pipe 
1 
5.9 
0 0.2 0 Wet 
2 20 0.16 0.04 Non Wet 
3 
8.5 
0 0.2 0 Wet 
4 20 0.16 0.04 Wet 
 
Results and Discussion 
 
In this section, the results of the sampled liquid entrained 
droplets and gas flow rate profiles are shown for the 
selected test conditions and fluids. 
 
 
- Gas axial velocity  
Two boundary conditions were imposed to the gas velocity 
data from experiments. These were, the waves celerity, 
using Kumar et al. (2002) model (Equation 7) and zeros 
velocity values on the pipe wall above the liquid film. 
 
<
< slsgwaves
UU
V  (7) 
Where 
 
L
g
sg
sl
U
U¸¸¹
·
¨¨©
§ <
25.0
Re
Re5.5  (8) 
 
The oil-water liquid layer in three-phase flow experiments 
was completely mixed. For this reason mixture properties of 
oil and water where used. The viscosity of the liquid 
mixture was considered as the continuous phase viscosity 
(oil). 
The velocity contours for all the tested conditions are 
normalized by the maximum velocity value and shown in 
Figure 6. All the sampled points are shown as a red cross on 
the plot. 
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Figure 6 Normalized Gas velocity contours. 
-1.00
-0.75
-0.50
-0.25
0.00
0.25
0.50
0.75
1.00
0.5 0.7 0.9 1.1 1.3
N
or
m
al
iz
ed
 P
ip
e 
D
ia
m
et
er
 "
z/R
" 
[-
]
Normalized Gas Velocity "U/Umax" [-] 
Isokinetic Sampling
Pitot tube
Pitot tube, corrected 
due to droplets
  8th International Conference on Multiphase Flow 
  ICMF 2013, Jeju, Korea, May 26 - 31, 2013 
 
 5 
An upwards shifting in the maximum axial velocity location 
was observed by Dykhno et al. (1994) when increasing the 
superficial gas velocity. This shift was not clearly detected 
on the velocity contours for this study at the selected 
conditions. The tested conditions shown in the contour plots 
are from stratified flow with atomization to stratified 
annular flow.  
There is a distortion on the profiles when increasing the 
velocity. This can be caused by secondary flows that ha 
been enlarged due to the increment of liquid droplets. For 
Case 2 this distortion on the lower side of the gas core 
become smaller compared to Case 1. Maybe caused by the 
reverse effect where the secondary flow gets weaker when 
the entrained droplets are reduced. This behaviour is not 
observed in Case 4.  
The shape of velocity contour of Case 2 is similar to the 
ones found by Dykhno et al. (1994) for no or small amount 
of atomization. From visual observations it has been seen 
that the liquid droplet flux for this case was less than for 
Case 1 but still considerable. 
 
- Liquid particle fluxes and distribution 
 
The normalized local oil and water droplet fluxes for the 
pipe cross section are shown in Figure 7 for the cases 1-4. 
The values of the droplet fluxes were divided by the 
maximum value of the two-phase condition (Case 1,3). This 
was done following the observations of Shmueli et al. 
(2011) where the liquid entrained will decrease when 
increasing the water cut. On the contour plots a reference 
value of the gas liquid interface is shown. However this 
value does not correspond to the exact experimental value. 
All the sampled points are displayed as blue crosses on the 
contour plots. There is a significant decrease on the droplet 
flux magnitude for all the tested cases along the vertical 
diameter. The local flux of droplets increased when 
increasing the gas velocity at constant water cut. These 
observations are in agreement to previous studies (Ishii & 
Mishima (1989), Williams et al. (1996), Tayebi et al. (2000), 
Shmueli et al. (2011) among others). 
It is also observed that the magnitude of the droplet flux 
decrease when increasing the water cut. This is consistent 
with the visual observations shown by Shmueli et al. (2011). 
However it is necessary to perform the integration of the 
droplet fluxes profiles on the pipe cross section to conclude 
if the added water will have a significant reduction on the 
total liquid entrained fraction. A thorough estimation of the 
gas-liquid interface will be required when doing the 
integration. 
The contours of the water and oil droplets flux are not 
uniform on the horizontal axis for all the studied cases. The 
shapes of the contours are similar to the ones displayed by 
Williams (1996) and with the simulation results by 
Westende (2007). The non uniform contours on the 
horizontal axis can be explained by the existence of 
secondary flows on the gas core. Secondary flows can 
transport particles (counter clockwise) from the bottom 
centre to the top of the pipe due to the roughness effect or 
can transport particles clockwise from the bottom centre due 
to the film atomization (Belt, 2007). 
There is a redistribution of the droplets when water is added 
at constant gas velocity. In Cases 1-2 there is a reduction on 
the liquid film at the wall when adding water from Case 1 to 
Case 2. This might be translated as a reduction on the 
secondary flow roughness effect. The bigger particles will 
not be transported to the top of the pipe with the same 
intensity as in Case 1. The pulling effect from the liquid 
film may have less opposition in this Case and a clockwise 
droplet particles transport may be promoted. 
This phenomenon is not so significant in Cases 3-4. This 
could be due the existence of the liquid film for Case 4 even 
tough the amount of liquid droplets entrained seems to be 
reduced. 
 
Usg 
WC [%] 
0% 20% 
Normalized Oil 
droplets flux [-] 
Normalized Oil 
droplets flux [-] 
Normalized 
Water droplets 
flux [-] 
Case 1 Case 2 
5.9 
m/s 
 
 
 
 
 
 
 Case 3 Case 4 
8.5 
m/s 
 
 
 
 
 
 
 
 
 
 
  
Figure 7 Normalized contours of water and oil droplet 
flux at tested conditions. 
 
Conclusions 
 
New instrumentation was designed and built for isokinetic 
sampling of droplets and gas in high pressurized systems. 
The measurements can be done over the pipe cross section. 
Using the new 2D probe it is therefore possible to measure 
simultaneously the gas local velocity and sample the liquid 
droplets entrained in the gas core. 
An experimental campaign on droplet flux measurement 
was carried out and results for the gas axial velocity profiles 
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and liquid droplet local fluxes are presented for two and 
three phase flows. 
Accurate position of the gas-liquid interface is important in 
order to get accurate values from the integration process. 
A general increment of the droplet fluxes were observed 
when the gas velocity increases at constant water cut. 
Secondary flows were observed at the selected conditions 
on the gas velocity and droplets contour plots. 
The addition of water modifies the distribution of droplets 
inside the pipe caused by a modification of the secondary 
flows nature in the gas core. 
Non uniformities on the droplet profiles over the horizontal 
axis were observed for all the tested conditions.  
Appropriate integration of the droplet profiles over the pipe 
cross section should be done in order to get a conclusion on 
the effect over the total entrained fraction. 
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ABSTRACT 
An isokinetic sampling probe is designed and constructed to measure entrained liquid droplet fluxes in separated gas- 
liquid pipe flows. This probe also has the capability of working as a non-standard Pitot tube when the sampling is 
stopped. CFD simulations using the commercial software Ansys CFX were carried out for single phase gas flow to 
analyze the non-standard design. Pitot tube velocity calculations and isokinetic sampling conditions were studied. The 
predicted results were compared against theoretical velocity profiles from the literature and with gas single phase ex- 
perimental data acquired in a horizontal 49 m long steel pipeline with an internal diameter of 69 mm. The experiments 
were done by using a dense gas (SF6) at 7 bara. An asymmetry of the experimental velocity profiles reproduced with 
the numerical simulations. The CFD simulations made it possible to verify the design and predict and correct an instal-
lation problem. 
 
Keywords: Isokinetic Probe; Pitot Tube; CFD; Flow; Installation Effects 
1. Introduction 
Pitot probes are devices which are commonly used in the 
industry to measure the local velocity in gases flowing in 
pipes or ducts. The dynamic pressure  d t sP P P   of 
the fluid stream is measured by the Pitot probe and the 
velocity can be calculated from it. When the gas com- 
pressibility effect can be neglected, the local velocity can 
be calculated from: 
2 d
g
g
PU C U
              (1) 
where C is a calibration constant. 
The Pitot tubes have been used for measuring the gas 
dynamic pressure in gas-liquid flows [1-4]. However, the 
calculation of the velocity from the pressure values is not 
straightforward and will depend upon the flow regime 
[5]. In gas flow with liquid droplet entrainment, it is a 
common practice to use isokinetic sampling probes to 
extract flow from the main stream in order to get the lo- 
cal dispersed droplet flux. These probes are designed to 
have a Pitot-like geometry and pressure tapings and can 
be designed to measure the local velocity when the sam- 
pling is stopped. The probes are generally not standard so 
their design must be tested and validated. Two aspects 
that should be taken into account when designing a new 
Pitot probe are the velocity measured by the Pitot probe 
in an ideal flow and the effect of the probe presence on 
the upstream flow [6]. Due to the complexity of multi- 
phase flows, the probe design and installation are evalu- 
ated by using single phase gas conditions.  
In this paper, a design and installation assessment of 
the non standard Pitot/sampling probe is done by the 
analysis of single phase gas experimental data and simu- 
lation of the probe current design using CFD tools. 
2. Probe Design 
The sampling/Pitot probe is designed to be able to sam- 
ple a liquid flux. Some authors have demonstrated that 
the effect of the sampling tube diameter and length of the 
probe on the measured droplet flux is negligible [7,8]. 
However in this study the criteria used to select the probe 
diameter was associated with the maximum possible 
droplet size. Two correlations were used: one for gas/ 
liquid systems and another one for liquid/liquid systems. 
Kocamustafaogullari et al. (1994) [9] presented a corre- 
lation for the maximum droplet diameter in annular flows. 
A. SHMUELI  ET  AL. 968 
The correlati on is a function of the fluid properties and 
of the local energy dissipated by the turbulence.  
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Kubie and Gardner (1997) [10] developed a correla- 
tion for maximum droplet size in liquid/liquid systems. 
2
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The probe diameter should allow for measurements in 
oil-water-gas flow systems. The probe has a 4 mm inner 
diameter, a 0.2 mm wall thickness. It is possible to 
measure within 4.2 mm of the pipe wall. To avoid dis-
turbing the flow, the opening of the sampling probe ex-
tends 50 mm upstream (§11.4dp).The dynamic pressure 
is read at 3.75dp and the static pressure sensed at the pipe 
wall on the probe stem plane. Two hoses were connected 
to transmit the dynamic pressure from the holes to the 
differential pressure transducer. The probe can traverse 
the vertical pipe diameter using a linear actuator and has 
the ability to work as a sampling and Pitot probe when a 
manual ball valve connected to the sampling line is 
closed. The non standard Pitot probe used in this study is 
schematically shown in Figure 1. 
3. Experiments 
3.1. Experimental Setup 
The experiments were carried out in the medium-scale 
flow loop at SINTEF Multiphase Flow laboratory in 
Trondheim, Norway. The facility consists of a horizontal 
69 mm inner diameter, 50 m long pipeline. The probe 
test section is located about 580D downstream the mix-
ing point. 
3.2. Experimental Measurements 
Pitot measurements on the vertical diameter were carried 
out using single gas phase SF6 (Sulphur hexafluoride) at 
7 bara and 20ÛC. Three experimental gas velocities were 
tested 4, 6 and 8 m/s. The measured gas density and dy- 
namic viscosity from the experiments are ȡg = 41.91 
Kg/m3 and Pg = 1.5e ௅ 05 Pas respectively. 
The measurements are compared against two theoreti- 
cal velocity profiles. Following [11] the velocity distri- 
bution in the main body of flow can be written as shown 
in Equation (2), where Į is a power law constant that in 
this case is 0.111 as is proposed by [12]. 
   
max
gU y
U
D[           (7) 
where [ = y/R is the normalized distance from the wall to 
the pipe center. The second profile is obtained by fol- 
lowing the modified log-wake model [13] for turbulent 
pipe flow: 
max
*
2 3
3 3ln 2
2 6
36 4
6
U U e e
U
e
[
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§ ·    ¨ ¸¨ ¸© ¹
§ ·  ¨ ¸¨ ¸© ¹
  (8) 
 
  
Figure 1. Pitot probe geometry.  
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The local gas velocity measurements and the theoreti- 
cal profiles are normalized by their maximum value and 
shown in Figure 2. The experimental velocity profiles 
for all the tests are not symmetric and a systematic error 
is shown for all of them on the upper half section of the 
pipe. However, there is a good fitting between the ex- 
perimental velocity profile and the theoretical one on the 
bottom part on the pipe. 
4. CFD Model Details 
3D CFD simulations of the flow around a non standard 
Pitot probe were developed using the commercial soft- 
ware ANSYS-CFX© (V-13) which employs the finite 
volume method for solving the conservation equations. 
4.1. Cases under Study 
The simulations were carried out using single gas phase 
SF6 (Sulphur hexafluoride) at 7 bara, 20ÛC and 4 m/s. 
The calculated Mach number for the tested conditions is 
lower than 0.3 and thereby the fluid is considered as in- 
compressible on the simulations [14]. The goal of the 
model is to simulate the flow around the designed non 
standard Pitot probe in order to find the origin of the ex- 
perimental velocity profile asymmetry, predicting a pos- 
sible installation effect on the gas velocity calculation 
and afterwards improving the current design. Two loca- 
tions of the Pitot probe above the pipe center were nu- 
merically studied (See Table 1). 
4.2. CFD Model General Settings 
The turbulence model was a homogeneous K-İ model. 
All the simulations were considered as steady state con- 
 
 
Figure 2. Experimental and theoretical normalized gas ve- 
locity profiles for 4, 6 and 8 m/s. 
Table 1. Simulated cases. 
Case Location of the probe opening from the bottom of the pipe [mm]
1 51 
2 59 
ditions. For all the simulations, the convergence was 
reached when the maximum and RMS residual error for 
any parameter was reduced to less than 4eí04 and 
4.2eí05 respectively. 
4.3. Boundary Conditions and Simulation  
Domain
The simulated domain consists of the probe and a section 
of the pipe (3.8 m upstream of the probe and 314 mm 
downstream of it). The hoses used for the total pressure 
sensing were not included on the model. The imposed 
boundary conditions were total pressure at the inlet (Up- 
stream Boundary) and uniform mass flow at the outlet 
boundary condition (Downstream Boundary). All the 
walls were treated as no-slip walls. 
4.4. Mesh 
The fluid domain was meshed using the commercial 
Workbench CFX© Mesh Module. The created meshes 
were non-structured formed by tetrahedral, wedge and py- 
ramid elements. A grid dependence procedure was car- 
ried out in order to select the right mesh (see Table 2).  
Four parameters were compared in order to select the 
right mesh for the simulations: The pressure loss on the 
pipe segment, maximum Y+ value, the gas velocity on 
the probe opening calculated from Equation (1) using the 
static pressure value at the current location Ps-1 (See 
Figure 3 and 4). 
 
 
Figure 3. Location of the specific calculated parameters in 
the domain. 
 
 
Figure 4. Mesh dependency study. Variable: velocity at 
Pitot opening. 
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The velocity profile on a line is located on the probe 
opening Ps-2, (See Figure 5). A percent error lower than 
3% between each mesh and the finest one of every 
physical variable compared was used as selection criteria. 
There are some qualitative differences between all the 
meshes especially close to the probe tip. The biggest dif- 
ference between Mesh 1 and Mesh 4 is 7%. The selected 
mesh for the simulations was Mesh 3. 
5. Results  
5.1. Pitot Geometry Effect 
One possible cause of the asymmetry in velocity profiles 
around the pipe centerline is a blockage effect of the 
stem in the flow upstream the probe tip. For this reason, 
the vertical velocity profiles in different locations down- 
stream and upstream the probe tip are plotted in Figures 
6 and 7. The profiles from the pipeline inlet to the probe 
location are compared (Figure 6) showing symmetry 
with respect to the pipe axis. The flow in the pipe is de- 
veloped before 20D. There are no upstream distur- 
bances on the profiles due to the presence of the Pitot. 
However, the probe stem has a blockage effect on the 
profiles downstream the tip of the probe, mainly due to 
the reduction of the flow area (Figure 7). This behavior  
 
 
Figure 5. Mesh dependency study variable: velocity profile 
on a line located at the probe opening. 
 
Table 2. Generated meshes for case 1. 
Mesh 1 2 3 4 
Max Y+ 13.27 13.52 13.56 13.55 
Connectivity 
number 3 - 46 3 - 46 2 - 44 2 - 50 
Element vol ratio 1 - 52 1 - 48 1 - 93 1 - 82 
Min face angle 18 - 84 17 - 86 16 - 86 12 - 87 
Max face angle 65 - 130 66 - 136 66 - 131 64 - 134 
Edge length ratio 1 - 43 1 - 43 1 - 16 1 - 16 
Elements 270,328 334,852 1,105,596 1,756,149
Nodes 92,570 111,118 383,564 600,838 
 
Figure 6. Velocity profiles from the pipe inlet. Case 1. 
 
 
Figure 7. Velocity profiles downstream the probe tip. Case 
1.
 
was expected as the ratio of the Pitot tube diameter to the 
pipe diameter does exceed 0.02 [14]. 
5.2. Pitot Vertical Location 
Two cases were studied as presented in Table 1. The 
vertical location of the probe has a qualitative and quan- 
titative effect on the static pressure distribution around 
the Pitot. The closer the Pitot is to the upper side of the 
pipe the lower is the pressure on the probe plane (See 
Figure 8). Near the top of the pipe the probe disturbs the 
flow and accelerates it creating a low pressure area on 
the top of the probe caused by the area reduction between 
the stem of the probe and the pipe. 
The velocity at the probe opening (Table 3) is calcu- 
lated using Equation (1) with the total pressure value at 
the probe tip and the static pressure values at Ps-1, Ps.2 
and Ps-3 (See Figure 3). The percentage errors in the 
velocity calculation using Ps-1 or Ps-2 are 10% and 17 
for Cases 1 and 2 respectively. The percentage errors 
when sensing the static pressure in front the Pitot tip 
(Ps-3) are 0.5% and 0.7% for Cases 1 and 2 respectively. 
A comparison of the calculated velocity values and the  
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Figure 8. Static pressure contour case 2. 
 
Table 3. Velocity at the probe opening calculated with total 
pressure and static pressure at point 1 and 2. 
Case Location Static Pressure [Pa] 
Total Pressure 
[Pa] 
Velocity at the 
probe opening
[m/s] 
Ps-1 699,344 - 4.92 
Ps-2 699,428 - 4.49 
Ps-3 699,434  4.46 
1 
Pt  699,851  
Ps-1 699,003 - 4.89 
Ps-2 699,151 - 4.10 
Ps-3 699,156  4.08 
2 
Pt - 699,504 - 
 
experimental one is made in Figure 9. Using the static 
pressure at the probe tip plane to calculate the local ve- 
locity shows a better fit with the theoretical profiles. 
5.3. Pitot Probe Sampling under an Isokinetic 
Condition
The main goal of this simulation was to obtain the pres- 
sure loss inside the probe working under isokinetic con- 
dition. It is important to establish the pressure loss be- 
tween the probe tip and the dynamic pressure ports inside 
it. For this simulation just Case 2 was analyzed.  
The simulation and mesh selection was done following 
the steps explained on section 4. The flow conditions and 
fluid are the same as in the previous simulations. The 
imposed boundary conditions were total pressure at the 
inlet (Upstream Boundary), uniform mass flow at the 
outlet of the probe (calculated from the isokinetic condi- 
tion) and uniform mass flow at the outlet boundary con- 
dition (Downstream Boundary). All the walls were treat- 
ed as no-slip walls. The k-İ turbulence model was used 
on the simulations. 
The streamlines approaching the probe opening and 
inside it are plotted in Figure 10. All the streamlines are 
undisturbed as the probe is not present and the velocity 
of the flow entering the probe is the same as in the main 
body of the flow so the conditions for isokinetic sam- 
pling are accomplished. 
The total pressure is averaged on planes perpendicular 
to the flow inside the probe (See Figure 11). The total 
pressure holes are currently located on the position 
marked by the dotted line. The pressure loss between the 
probe opening and the total pressure holes is 33 Pa. 
 
 
Figure 9. Comparison between experimental, theoretical 
and CFD normalized gas velocity profile at 4 m/s. 
 
 
Figure 10. Streamlines entering the probe. 
 
 
Figure 11. Total pressure averaged on planes inside the 
probe where location 1 is the probe opening. 
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6. Experiments on the Upgraded Installation 
New experiments at 4 m/s were developed using an up- 
graded setup in which the static pressure tap was located 
on the same plane of the probe tip. The velocity profiles 
are symmetric in accordance to the pipe axial direction. 
The experiments are compared against the CFD profile 
showing an agreement and improvement in comparison 
with the previous setup (See Figure 12). 
7. Conclusions and Remarks 
A non-standard Pitot/sampling probe was experimentally 
tested and simulated using Ansys CFX (V13) to validate 
its accuracy and to determine any design or installation 
problem. The current experimental setup caused asym- 
metries on the measured gas velocity profiles.  
The experiments were conducted for 3 velocities while 
the numerical simulations were carried out for one veloc- 
ity. The obtained experimental asymmetries show a sys- 
tematic behavior so the numerical results are extrapolated 
to other flow conditions. 
The CFD simulations were concentrated on two probe 
vertical locations where the velocity profiles present the 
asymmetry. The effect of the probe location on the verti-
cal pipe diameter, static pressure port location on the 
pipe wall, probe stem location and dynamic pressure 
ports location was studied. The location of the static 
pressure tap at either the probe tip plane or upstream of it 
will give more real and accurate velocity values.  
As a result from the simulations, the static pressure tap 
at the top of the pipe was relocated in order to have a real 
and accurate reading of the static pressure. The probe 
itself generates disturbances of the flow downstream of it 
but not upstream of it. 
A simulation of the isokinetic sampling probe was car- 
ried out to obtain the pressure drop inside the probe. It 
 
 
Figure 12. Comparison of the experiments carried out the 
upgraded facility at 4 m/s with previous experiments and 
CFD profile. 
was recommended for further probe designs to place the 
dynamic pressure holes on the probe closer to the probe 
tip in order to avoid the pressure losses and have a better 
reading of the pressure. 
Experiments with a new configuration with the static 
pressure tap on the same plane as the probe tip were car- 
ried out at 4 m/s showing an improvement on the meas- 
urements with symmetric velocity profiles which agreed 
with the theoretical predictions. 
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Appendix 
Nomenclature 
ȡ Density 
P Pressure 
d Diameter 
D Pipe diameter 
C Pitot calibration constant  § 1 
U Velocity 
R Pipe radius 
Umax Velocity at the pipe center 
dmax Maximum droplet size 
dh Hydraulic diameter 
dp Pitot diameter 
Cw Coefficient in Kocamustafaogullari correlation 
y Distance from the wall 
[ Normalized distance from the wall to the pipe center 
P Dynamic viscosity 
D Power law constant 
Re Reynolds number 
f Friction factor 
Wem Modified Weber number 
NP Viscosity number 
V Surface tension 
g Gravity 
Subscripts  
c Core 
d Dynamic 
s Static 
t Total 
g Gas 
l Liquid 
p Probe 
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